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ABSTRACT 
 
The regulation of gene expression is maintained in a highly organized fashion to ensure 
specific genes are expressed at the appropriate levels during soybean seed and seedling 
developmental stages. To define the developmental shifts in gene expression and begin to 
understand the gene regulatory networks, high-throughput RNA sequencing (RNA-Seq) was 
carried out using cotyledons from seven developmental stages of soybean seedlings. A total of 
154 genes demonstrated higher level of expression exclusively in the early seedling stages. 
About 25% of those genes with known annotations were involved in carbohydrate metabolism. A 
significant number (approximately 50%) of the highly expressed genes whose expression peaked 
in the mid-developmental stages encoded ribosomal family proteins. The analysis also identified 
219 gene models with high expression at late developmental stages.  The majority of these genes 
are involved in photosynthesis. The findings revealed approximately 460 transcription factors 
with notable expression in at least one stage of the developing soybean seedling. Relatively over-
represented transcription factor genes encode AP2, zinc finger, NAC, WRKY and MYB families. 
Specific members of NAC and YABBY transcription factors showed a bell shaped expression 
pattern during soybean seedling development. The highest level of their expression was found in 
seedling developmental stage 4 when cotyledons undergo a physiological transition from non-
photosynthetic storage tissue to a metabolically active photosynthetic tissue.  
In order to identify genome-wide binding sites of specific members of the NAC and 
YABBY transcription factors and co-regulated genes, Chromatin Immunoprecipitation 
Sequencing (ChIP-Seq) was performed using seedling cotyledons at stage 4 and 5. The ChIP-Seq 
data identified 72 genes potentially regulated by the NAC and 96 genes by the YABBY 
transcription factors examined. The RNA-Seq data revealed highly differentially expressed 
candidate genes regulated by the NAC transcription factor include lipoxygense, pectin methyl 
esterase inhibitor, DEAD/DEAH box helicase and homeobox associated proteins. YABBY-
regulated genes include AP2 transcription factor, fatty acid desaturase and WRKY transcription 
factor. Additionally, DNA binding motifs were identified for the NAC and YABBY transcription 
factors. 
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Post-transcriptional regulation is another layer of gene regulation. In order to dissect 
miRNA guided gene regulation in soybean developing seeds, a transcriptome-wide experimental 
method called degradome sequencing was carried out to directly detect cleaved miRNA targets. 
In this study, degradome libraries were constructed from immature soybean cotyledons 
representing three stages of development and from seed coats of two stages.  Sequencing and 
analysis of 10 to 40 million reads from each library resulted in identification of 183 different 
targets for 53 known soybean miRNAs.  Among these, some were found only in the cotyledons 
representing cleavage by 25 miRNAs and others were found only in the seed coats reflecting 
cleavage by 12 miRNAs.  A large number of targets for 16 miRNAs families were identified in 
both tissues irrespective of the stage.  Interestingly, more miRNA targets were found in the 
desiccating cotyledons of late seed maturation than in immature seed.  Four different auxin 
response factor genes were validated as targets for gma-miR160 via RNA ligase mediated 5’ 
rapid amplification of cDNA ends (RLM-5’RACE). Gene Ontology (GO) analysis indicated the 
involvement of miRNA target genes in various cellular processes during seed development. 
To understand the translational regulation, ribosome profiling was performed in 
combination with RNA sequencing using soybean cotyledons and seed coats from different seed 
developmental stages. A total of 148 genes demonstrated higher translational efficiencies (TEs) 
during early stage. A number of genes annotated as cysteine and serine proteases showed higher 
translational efficiencies in cotyledons during early seed development. A specific group of zinc 
finger transcription factors demonstrated higher translational efficiencies in cotyledons during 
mid and late stages of seed development. Interestingly, no ribosome footprints were identified 
for 22 genes in all three developmental stages, although they have at least 10 RPKMs of mRNA 
in at least one developmental stage. Genes encoding seed storage proteins such as lectin, glycinin, 
beta-conglycinin showed similar expression patterns in cotyledons. The highest level of 
transcripts were found at the mid stage whereas the highest ribosome footprint level was found at 
the late developmental stage even though there is not much difference in translational 
efficiencies across development. The experimental findings suggest that the seed storage protein 
coding genes are primarily regulated at the transcriptional level. So, the multiple levels of gene 
regulation is very important in setting or maintaining the developmental program leading to high 
quality soybean seeds that are one of the dominant sources of protein and oil in world markets.  
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CHAPTER 1 
 
OVERVIEW OF HIGH-THROUGHPUT GENOMICS APPROACHES TO STUDY 
MULTIPLE LEVELS OF GENE REGULATION 
 
 
REGULATION OF GENE EXPRESSION IN SOYBEAN 
 
Understanding the gene regulatory network during development has been a focus for 
many years at the single gene level. Recent advances in the next generation sequencing (NGS) 
techniques have facilitated genome-wide studies on the gene regulation at multiple levels. In this 
thesis, I utilize high-throughput sequencing techniques such as RNA-Seq, ChIP-Seq and 
Ribosome profiling (Ribo-Seq) to understand the regulation of gene expression during soybean 
seed and seedling development at the transcriptional, post-transcriptional and translational levels 
respectively. 
Soybean (Glycine max) is one of the most economically important crops and is cultivated 
all over the world. It is an excellent source of vegetable oil and protein. However, the regulation 
of gene expression during soybean seed and seedling development is still largely unexplored. 
Thus it is important to investigate how the genes are regulated during different seed and seedling 
developmental stages. The soybean genome was sequenced about five years ago (Schmutz et al., 
2010) and this information has widened the molecular research on soybean. Soybean gene 
annotation revealed a number of transcription factors and many of them play vital roles during 
seedling development (Udvardi et al., 2007; Libault et al., 2010). Seven different stages of 
soybean seedling development were based on time, size of radicles, hypocotyls, roots, emergence 
and development of unifoliolate, and appearance of germinating cotyledons (Figure 1.1). A 
combination of RNA-Seq and ChIP-Seq was used to study the transcriptional regulation of gene 
expression during soybean seedling development. Similarly, soybean seed developmental is 
broadly divided into three stages (Figure 1.2) such as early maturation seed (25–50 mg fresh 
weight, green seed), mid-maturation seed (100–200 mg fresh weight, green seed), and late 
maturation seed (300–400 mg fresh weight, yellow seed). The degradome sequencing was used 
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to study the post-transcriptional regulation of gene expression during soybean seed development. 
Another layer of gene regulation is at the translational level which was investigated using 
recently developed technique called ribosome profiling. 
 
CHIP-SEQ TO IDENTIFY TRANSCRIPTION FACTOR BINDING SITES 
 
Genome-wide mapping of protein–DNA interactions is important for complete 
understanding of transcriptional regulation. A precise map of binding sites for transcription 
factors and other DNA-binding proteins is vital for deciphering the gene regulatory networks that 
underlie various biological processes (Johnson et al., 2007; Jothi et al., 2008). Transcription 
factor mediated gene regulation is a common regulatory mechanism both in animals and plants 
(Riechmann et al., 2000; Thibaud-Nissen et al., 2006). The developmental stages are highly 
regulated by the appearance and disappearance of particular transcription factors (Riechmann et 
al., 2000; Udvardi et al., 2007; MacArthur et al., 2009). Therefore, the identification of 
transcription factor binding sites has immense importance for unraveling the gene regulation 
during developmental stages.  
To study the genome-wide profiling of transcription factor binding sites, chromatin 
immunoprecipitation followed by sequencing (ChIP–Seq) has become one of the principal 
techniques (Pepke et al., 2009). It is a powerful technique to selectively enrich for DNA 
sequences bound by a particular transcription factor in living cells. The ChIP process enriches 
specific crosslinked DNA-protein complexes using an antibody against the transcription factor of 
interest (Figure 1.3). Owing to the tremendous progress in next-generation sequencing 
technology, ChIP–Seq offers higher resolution, less noise and greater coverage than its array-
based predecessor ChIP–chip (Laajala et al., 2009; Park, 2009). The combination of ChIP-Seq 
and quantitative measurements of transcriptomes (RNA-Seq) is increasingly used to decipher the 
regulation of gene expression by transcription factors (Park, 2009; Pepke et al., 2009). I 
constructed developmental stage specific RNA-Seq and ChIP-Seq libraries to study the 
transcriptional regulation during soybean seedling developmental stages. 
 
 
3 
 
DEGRADOME SEQUENCING AND POST-TRANSCRIPTIONAL REGULATION 
 
MicroRNAs (miRNAs) are endogenous noncoding small RNAs that play significant roles 
in the regulation of gene expression. Post-transcriptional gene regulation by miRNAs constitutes 
one of the most conserved and well characterized gene regulatory mechanisms (Voinnet, 2009). 
It is important for growth, development, stress responses and numerous other biological 
processes in eukaryotes (Axtell and Bowman, 2008; Bartel, 2009). Therefore, identification of 
miRNAs and their targets in diverse species has been a major focus in recent years (Yang et al., 
2007; Sunkar et al., 2008). To identify miRNA mediated silencing of target genes, I used 
degradome sequencing, which is also known as parallel analysis of RNA ends (PARE). This 
technique is based on capturing degraded mRNA fragments that are cleaved by miRNA (Figure 
1.4).  
Most plant miRNAs facilitate the degradation of their mRNA targets by slicing precisely 
between the tenth and eleventh nucleotides (nt) from the 5’ end of the miRNA. As a result, the 3’ 
fragment of the target mRNA possesses a monophosphate at its 5’ end. This important property 
has been used to validate miRNA targets (Llave et al., 2002). Isolation of such fragments is one 
of the critical steps for validating miRNA guided cleavage of target mRNA.  A major limitation 
of this procedure is that every single predicted gene has to be verified separately.  So, one-at-a-
time isolation of cleaved RNA fragments is laborious, time-consuming and expensive. Recently, 
high-throughput sequencing methods, known as degradome analysis or PARE (parallel analysis 
of RNA ends) (Figure 1.4) that can globally identify small RNA targets have been developed to 
overcome such limitations (Addo-Quaye et al., 2008; German et al., 2008). 
 
RIBOSOME PROFILING TO UNDERSTAND TRANSLATIONAL REGULATION 
 
Another important level of gene regulation is translational regulation. I used a recently 
developed a technique called ribosome profiling (Figure 1.5) to study the global translational 
control of gene expression during soybean seed development. This technique is based on the 
deep sequencing of ribosome protected mRNA fragments (Figure 1.5) and provides a global 
view of actively translating ribosomes in a cell at a specific time. It also determines the exact 
position of ribosomes on mRNA and recent advances in high throughput sequencing allows the 
4 
 
analysis of millions of ribosome footprints in parallel (Ingolia, 2010). Transcript abundance is 
often used as the indicator for the level of gene expression. Sometimes, there is a poor 
correlation between mRNA and protein levels that is partially due to the translational and post-
translational regulation (Gerashchenko et al., 2012; Ingolia, 2014). Direct and powerful approach 
to measure the changes in protein abundance is the use of whole-proteome mass spectrometry. 
But this method is inferior to RNA-Seq in its throughput and can detect only a fraction of protein 
products in the cell (Gerashchenko et al., 2012). More generally mass spectrometry and ribosome 
profiling represent highly complementary approaches to study translational regulation. Moreover, 
ribosome profiling itself facilitates mRNA abundance and protein translation to be examined in 
the same sample with high accuracy. This technique measures translational efficiency (TE) 
which is the ratio of the mRNA abundance and ribosome footprint abundance (Gerashchenko et 
al., 2012; Ingolia et al., 2009). Higher translational efficiency indicates the association of more 
ribosomes with mRNA and greater potential of mRNA to be translated into protein 
(Gerashchenko et al., 2012; Ingolia, 2014). So, the ribosome profiling can be used to determine 
what proteins are being actively translated during different seed developmental stages in soybean. 
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FIGURES 
 
 
 
 
Figure 1.1.  Seven stages of soybean seedlings are defined based on time, size of radicles, 
hypocotyls, roots and appearance of seedling cotyledons (Gonzalez and Vodkin, 2007). Stage 1: 
Imbibed seed for 24 hours; pre-emerging hypocotyls. Stage 2: Yellow cotyledons; emerging 
radicle 8-10 mm long. Stage 3: Yellow cotyledons with slightly green edges; 15-20 mm long 
hypocotyls. Stage 4: Yellow-green cotyledons; hypocotyls 30-35 mm long. Stage 5: Yellow-
green cotyledons above the ground; primary roots starting to develop. Stage 6:  Mostly green 
cotyledons above the ground; growing straight from the hypocotyl.  Stage 7: Fully green 
cotyledons; plants 6-7 cm long above the ground; the root system fully developed; cotyledons 
upright; unifoliolate exposed. 
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Figure 1.2. Tissues from three different seed developmental stages were used to construct the 
degradome libraries.  a. Early-maturation (25-50 mg of beans fresh weight), green seeds; Mid-
maturation (100-200 mg of beans fresh weight), green seeds and Late-maturation (300-400 mg of 
beans fresh weight), yellow seeds. b. Beans were dissected to separate cotyledons and seed coats. 
 
 
 
 
Seed Coat Cotyledon
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a 
Early (25-50 mg)    Mid (100-200 mg)             Late (300-400 mg) 
b 
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Figure 1.3. Major steps in Chromatin immunoprecipitation sequencing (ChIP-Seq) experiment 
(adapted from ChIP-Seq flow chart at:  http://biocore.crg.cat/wiki/Chip-Seq_flowchart). 
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Figure 1.4. Overview of degradome sequencing (adapted from German et al., 2009). 
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Figure 1.5. Overview of ribosome profiling (adapted from Ingolia et al., 2009). 
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CHAPTER 2 
 
USING RNA-SEQ TO STUDY TRANSCRIPTIONAL REGULATION OF GENE 
EXPRESSION DURING SOYBEAN SEEDLING DEVELOPMENT 
 
 
INTRODUCTION 
 
Soybean (Glycine max) is one of the most important oilseed crops in the world. It is used 
as food for both humans and animals and is an excellent source of vegetable protein and oil. The 
sequencing of the soybean genome has widened the molecular research on soybean (Schmutz et 
al., 2010). Moreover, the improvements of next-generation sequencing technology such as 
mRNA sequencing enable us to study the expression changes in thousands of genes at a time in 
different developmental stages. Seed germination and seedling development are highly regulated 
process in higher plants (Harada et al., 1988; Ritchie et al., 1994; Koornneef et al., 2002; 
Gonzalez and Vodkin, 2007). Development of soybean seeds has been extensively studied 
because of their commercial importance, but attention has focused largely on the storage role of 
the cotyledons for transcript profiles (Jones and Vodkin, 2013) and their subsidiary role as 
photosynthetic organs during seedling establishment is largely unexplored.  
Seed germination and seedling development involve large numbers of genes in multiple 
pathways. Many molecular and physiological studies have been carried out to identify important 
genes and pathways with major roles during seed germination and seedling development in 
Arabidopsis and other plant species (Bewley, 1997; Koornneef et al., 2002; Soeda et al., 2005; 
Shamimuzzaman and Vodkin, 2013). In higher plants, seedling development begins with the 
germination of seeds. During this process of germination, the dynamic changes of cell 
metabolism occur in cotyledonary tissues which lead to mobilizing lipids and proteins (Falk et al., 
 
______________________________________________________________________________ 
1The data from this chapter has been published as the article entitled “Transcription factors and glyoxylate cycle 
genes prominent in the transition of soybean cotyledons to the first functional leaves of the seedling” by 
Shamimuzzaman and Vodkin, Functional & Integrative Genomics (2014) 14: 683–696. 
11 
 
1998; Eastmond et al., 2001; Penfield et al., 2004). Soybean seedling development is divided 
into seven different stages (Gonzalez and Vodkin, 2007) based on time, size of radicles, 
hypocotyls, roots and appearance of seedling cotyledons (Figure 1.1).  
Seedling cotyledons are specialized tissues that serve as a nutrient reservoir to meet the 
needs of seedlings during the early developmental stages (Harada et al., 1988; Ritchie et al., 
1994; Koornneef et al., 2002). Soybean seedling developmental stage 1, stage 2 and stage 3 are 
considered as early stages when the seedling entirely depend on stored nutrients due to its 
photosynthetic inability (Gonzalez and Vodkin, 2007; Shamimuzzaman and Vodkin, 2013). 
Early seedling development begins with the emergence of the radicle from the swollen seed. 
During stage 1 and stage 2, the seedling cotyledons are completely yellow. At stage 3, the 
hypocotyl develops and the seedling cotyledons look yellow with slightly green edges (Gonzalez 
and Vodkin, 2007; Shamimuzzaman and Vodkin, 2013). 
Mid-seedling developmental stages are when the seedling cotyledons undergo a 
physiological transition from nutrient and food reserve tissue to an active photosynthetic tissue 
(Eastmond et al., 2001; Koornneef et al., 2002; Penfield et al., 2004). Stages 4 and 5 are 
considered as mid-developmental stages of soybean seedlings when the seedling cotyledons 
appear yellow-green. Shortly after the emergence of cotyledons from the ground, the hooked 
shaped hypocotyls straighten out (Ritchie et al., 1994). During this transition, cotyledonary lipids 
and fatty acids are translocated to glyoxysomes (Falk et al., 1998; Eastmond et al., 2001). Fatty 
acids are broken down by β-oxidation and converted into succinate in a series of enzymatic 
reactions known as the glyoxylate cycle (Eastmond et al., 2001). Thus this physiological 
transition from yellow to yellow-green cotyledons must be under strict gene regulation. 
During the late seedling developmental stages, seedling cotyledons turn fully green and 
are photosynthetically active. Stages 6 and 7 are considered as late seedling developmental 
stages with green cotyledons and a fully developed root system (Shamimuzzaman and Vodkin, 
2013). The number of glyoxysomes decreases as the yellow-green cotyledons turn into fully 
green cotyledons (Gonzalez and Vodkin, 2007). These changes are accompanied by changes in 
the level of expression of genes involved in the photosynthetic process. 
Previously, our lab examined gene expression changes using microarrays focusing on 
genes involved in the glyoxylate cycle during soybean seedling development (Gonzalez and 
Vodkin, 2007). In this study, we use the high throughput next generation RNA sequencing 
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technology to measure global and differential transcript abundance in cotyledons from seven 
developmental stages of soybean seedlings. Moreover, the high throughput RNA-Seq approach 
detects genes expressed at low levels that revealed hundreds of transcription factors with notable 
expression in seedling cotyledons during soybean seedling development.  
 
 
METHODS 
 
Plant Materials and Growth Conditions  
Soybean (Glycine max cv. Williams) seeds were planted in small pots (4.5 inches) 
containing Universal SB300 soil mix. Four seeds were planted in each pot. A total of 100 seeds 
were initially planted in 25 pots. Pooled cotyledon samples from 6 individual seedlings per 
developmental stage were collected. Plants were grown for approximately 7-8 days with regular 
watering. A biological replicate was made with another 25 pots to collect tissues in a similar 
way. Seven different stages during the development of soybean seedlings were defined 
(Gonzalez and Vodkin, 2007) based on time, size of radicles, hypocotyls, roots and appearance 
of seedling cotyledons (Figure 1.1). Briefly, Stage 1: Imbibed seed for 24 hours; pre-emerging 
hypocotyls. Stage 2: Yellow cotyledons; emerging radicle 8-10 mm long. Stage 3: Yellow 
cotyledons with slightly green edges; hypocotyls15-20 mm long. Stage 4: Yellow-green 
cotyledons; hypocotyls 30-35 mm long. Stage 5: Yellow-green cotyledons above the ground; 
primary roots starting to develop. Stage 6: Mostly green cotyledons above the ground; growing 
straight from the hypocotyl. Stage 7: Fully green cotyledons; plants 6-7 cm long above the 
ground; the root system fully developed; cotyledons upright; unifoliolate exposed. For the RNA-
Seq experiment, cotyledons from each of these developmental stages were collected and then 
frozen in liquid nitrogen. Subsequently the tissue was freeze dried and stored at -80°C.  
 
RNA Extraction, High-Throughput RNA-Seq Library Construction and Data Analysis 
Total RNA was extracted separately for seven different developmental stages from freeze 
dried cotyledons using a modified McCarty method (McCarty, 1986) using phenol-chloroform 
extraction and lithium chloride precipitation. A biological replicate was performed to extract 
RNA in a similar way. mRNAwas isolated from total RNA using poly-T oligo-attached magnetic 
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bead containing polyA selection kit. Library construction for the standard RNA-Seq was 
performed using TruSeq SBS sequencing kit version 3. High-throughput sequencing for 101 
cycles was carried out by the Illumina HiSeq2000 at the Keck Center, University of Illinois at 
Urbana-Champaign. Sequencing data was filtered through the standard Illumina pipeline 
including the CASSAVA 1.8.2 program. The 100 nucleotidessingle reads were mapped to the 
78,773 high and low confidence soybean gene models (Schmutz et al., 2010) using the ultrafast 
Bowtie aligner (Langmead et al., 2009) with up to 3 mismatches. RNA-Seq data was normalized 
in reads per kilobase of gene model per million mapped reads (RPKM) (Mortazavi et al., 2008). 
 
Gene Model Annotations, Clustering, and P-Values 
Most gene model annotations were obtained from PFAM of the Soybean Genome Project 
in the Phytozome database (Goodstein et al., 2012). Some of the annotations of gene models 
were taken from BLASTX (e-value 1e-4 or better) against NCBI’s non-redundant database as 
described (Hunt et al., 2011). The top 5 hits were compiled for each gene model. Gene models 
were grouped into families by manual inspection using these annotations. 
Clustering of gene models was performed by Multi-Experiment Viewer (MeV) (Saeed et 
al., 2003) using data from Biological Replicate 1. The k-means clustering technique was used 
with the Pearson correlation distance metric and 5000000 maximum iterations. P-values 
(adjusted with the Benjamini-Hochberg procedure) between biological replicates were calculated 
using DESeq package (Anders and Huber, 2010). Raw and processed RNA sequencing data are 
released in the Gene Expression Omnibus database as series accession number GSE42550. 
 
 
RESULTS 
 
Seedling Developmental Stages and Replicates Used for RNA-Seq 
High-throughput transcriptome sequencing (RNA-Seq) was performed using cotyledons 
from seven stages of soybean seedlings (Figure 1.1), with two biological replicates per stage, 
resulting in millions of reads per sample (Table 2.1). We obtained 100 nucleotide sequencing 
reads ranging from 46 million to 72 million which should be sufficient to detect rare transcripts 
from the 1.1 Gb soybean genome (Schmutz et al., 2010) of which about 10% represents coding 
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regions. These reads were aligned to 78,773 high and low confidence soybean gene models 
annotated by the Soybean Genome Project (Schmutz et al., 2010). Gene expression data is 
presented in RPKMs (reads per kilobase of gene model per million mapped reads) (Mortazavi et 
al., 2008). Data from the two biological replicates are highly similar which indicates that the 
majority of the gene models show no significant difference in expression between the two 
biological replicates of a given stage (Table 2.2). Since there was little difference, we performed 
the RPKM filtering and data clustering as described below using Biological Replicate 1. We 
found an overall similarity of the expression trends in Biological Replicate 2 gene models as 
discussed below.  
 
Criteria for Filtering and Clustering to Obtain Gene Models Whose Expression Levels 
Peak During Early, Mid, or Late Developmental Stages 
In order to obtain genes with marked changes in developmental expression as shown in 
Figure 2.1, we performed clustering as follows from Biological Replicate 1 data.   Cluster 2.1a in 
Figure 2.1 is representative of gene models with RPKM≥500 in at least one of the three early 
stages (S1, S2, S3) and RPKM<500 in two older stages (S6, S7). Cluster 2.1b has genes with 
RPKM≥100 in both stage 4 and stage 5 and also RPKM<100 in all older stages (Stage 6 and 
Stage 7). Clusters 2.1c and 2.1d have gene models with RPKM≥500 in at least one older stage 
(stage 6 or stage 7).  The filtered gene models were grouped into 4 clusters using Multi-
Experiment Viewer (MeV) (Saeed et al., 2003). The full clusters were shown in the 
supplementary files of the published article by Shamimuzzaman and Vodkin, 2014. 
 
Many Gene Models Expressed Highly in Cotyledons of the Early Stages of Seedlings are 
Related to Carbohydrate Metabolism 
The representative cluster in Figure 2.1a has 103 gene models (from a total of 154) with 
peak expression in cotyledons of one of the early stages of soybean seedlings and lower 
expression in older stages.  The genes have RPKMs ranging from 500 to over 4800 during these 
early stages. As shown in Table 2.3, many of them are involved in carbohydrate or sugar 
metabolism. Other gene model annotations with this expression pattern include stress-induced 
protein SAM22, putative senescence-associated protein, alcohol dehydrogenase, glutathione S-
transferase, translation initiation factor and ubiquitin family protein. Another 38 genes have 
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unknown function. The expression level of those 103 gene models in Biological Replicate 2 also 
shows higher expression in cotyledons of early stages of soybean seedlings than in the older 
developmental stages. 
 
The Prominent Gene Models Expressed Highly in Cotyledons of the Mid Stages of 
Seedlings are Related to Ribosomal Proteins 
Compared to the early stages, a lower minimum RPKM was chosen due to the relatively 
lower RPKMs associated with mid stages of seedling development.  The cluster in Figure 2.1b is 
a representative cluster from highly expressed genes in mid-developmental stages which contain 
128 gene models. It shows a prominent peak at developmental stage 4 and RPKMs range from 
about 100 to 384.  Of the 128 gene models, 50% (64 gene models) of them are annotated as 
ribosomal family protein (Table 2.3). There are about 24 gene models annotated as unknown 
function. Other gene models found in this cluster include CHCH domain containing protein, 
mitochondrial carrier protein and ATP synthase family protein. Data from Biological Replicate 2 
of those genes show a similar expression pattern. 
 
Gene Models Expressed Highly in Cotyledons of the Late Stages of Seedlings are 
Predominantly Photosynthesis Related 
Two representative clusters from genes expressed highly in older developmental stages 
are shown in Figure 2.1c and in Figure 2.1d. The cluster in Figure 2.1c contains 66 genes and it 
shows peak expression at stage 7 when the seedlings are green and the root system fully 
developed. Of the 66 gene models in Figure 2.1c, we found the most prominent groups of genes 
are annotated as aquaporin protein PIP family, ADR6 protein and papain family cysteine 
protease (Table 2.3). There are other groups of genes present in small numbers. The cluster in 
Figure 2.1d contains 83 gene models. It shows a peak expression at stage 6 with RPKMs range 
from about 0.7 to 13465. Of the 83 gene models, most of them are associated with 
photosynthesis and energy metabolism (Table 2.3). The top two categories of genes include 
photosystem I and photosystem II genes which represent 16.9 percent and 13.3 percent of total 
gene models of this cluster. Other prominent gene models found in this cluster annotated are as 
carbonic anhydrase, light harvesting chlorophyll a-b binding protein (LHCP), 
ribulosebisphosphate carboxylase subunit and glutamine synthetase (Table 2.3). Data from 
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Biological Replicate 2 show a similar expression pattern for these genes from cluster 2.1c and 
2.1d (supplementary files by Shamimuzzaman and Vodkin, 2014). 
 
Overview of the Developmental Shifts in Transcript Profiles 
For the Gene Ontology (GO) analysis, we used the same group of selected gene models 
as used in cluster analysis for the early, mid and late developmental stages. GO categories of 154 
highly expressed genes (except genes with unknown function) during early developmental stages 
are shown in Figure 2.2a and the GO category for each of these gene models are shown in 
supplementary tables of Shamimuzzaman and Vodkin, 2014. These genes fall into major 
categories such as carbohydrate metabolism (27.59%), response to stress (16.38%), proteolysis 
(15.52%), developmental process (12.07%) and antioxidant activity (7.76%) (supplementary 
tables in Shamimuzzaman and Vodkin, 2014). The distribution of the GO categories of 180 
highly expressed genes (except genes with unknown function) during mid developmental stages 
is depicted in Figure 2.2b and each of these gene models with associated GO categories are 
identified. We found major gene categories such as ribosomal protein (43.92%), carbohydrate 
metabolism (7.43%), developmental process (6.76%) energy metabolism (6.08%) and protein 
translation (6.08%). Similarly, Gene Ontology (GO) categories of 219 highly expressed genes 
(except genes with unknown function) during late developmental stages are shown as a pie chart 
in Figure 2.2c. The pie chart in Figure 2.2c shows the major gene categories such as 
photosynthesis (45.15%), amino acid metabolism (8.25%), energy metabolism (8.25%), 
carbohydrate metabolism (7.28%) and proteolysis (7.28%) (supplementary tables in 
Shamimuzzaman and Vodkin, 2014). 
Comparison of the three pie charts in Figure 2.2 indicates that there were clear shifts in 
the major metabolic pathways associated with the changes in developmental stages. During the 
early stages, the major gene categories were related to carbohydrate metabolism. As the seedling 
cotyledons turned yellow-green in the mid developmental stages, they appeared to be actively 
producing large numbers of transcripts for ribosomal proteins. In the late developmental stages, 
the prominent metabolic pathway was photosynthesis as the seedling cotyledons became fully 
green and functioned as the first leaves of the plant. The second most prominent category of 
genes was related to amino acid metabolism. 
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Expression Profiles of Glyoxylate Cycle Genes in Cotyledons of Different Stages of 
Seedlings  
The glyoxylate cycle plays an important role during development in plants (Eastmond et 
al., 2001; Penfield et al., 2004; Gonzalez and Vodkin, 2007). It is associated with the 
mobilization and utilization of lipids during germination and seedling development (Falk et al., 
1998; Eastmond et al., 2001). Our data show that glyoxylate cycle genes are up regulated in 
cotyledons at certain stages of soybean seedling development. In this study, we analyzed the 
expression of major glyoxylate cycle genes which include those encoding aconitase, citrate 
synthase, isocitratelyase, malate dehydrogenase and malate synthase. All these genes showed a 
peak expression at developmental stage 3 (Figure 2.3).  There are multiple isoforms of these 
genes. The expression levels of all Glyma models annotated as any of the above five categories 
of genes have been shown in supplementary tables of Shamimuzzaman and Vodkin, 2014. The 
highest level of expression is shown by the genes encoding two glyoxysomal marker enzymes, 
isocitratelyase and malate synthase. They showed a peak expression at stage 3 with RPKMs of 
nearly 2000. Data from Biological Replicate 2 show a similar expression pattern for these 
glyoxylate cycle genes. 
 
Expression Profiles of Gene Models Annotated as Transcription Factors 
Transcription factors are key players for the regulation of gene expression. They regulate 
numerous developmental processes even though they are expressed at low levels compared to 
other genes. To investigate the gene regulatory network during soybean seedling development, a 
list was assembled for transcription factors among the 78,773 soybean gene models. The NCBI 
non-redundant database annotations were keyword filtered to assemble a list of 5608 genes 
annotated as transcription factors (Jones and Vodkin, 2013), which was treated as a complete list 
of all transcription factor genes for this analysis. 
The largest numbers of transcription factors were expressed at developmental stage 2 
(Figure 2.4). Nearly 1700 transcription factor genes were expressed at this stage with RPKM≥5. 
About 41% of these genes had RPKMs in the range of 5-10 and another 35% had RPKMs in the 
11-20 range (Figure 2.4). Younger seedling developmental stages (2, 3, and 4) had more 
transcription factor genes than the older stages (5, 6).  The fewest number of transcription factor 
genes was found at developmental stage 6. Nearly 1000 transcription factor genes were 
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expressed at stage 6 and more than 50 percent of them expressed in the 5-10 RPKMs range 
(Figure 2.4).  
To know the distribution of the transcription factor genes in early (stage 1, stage 2 and 
stage 3), mid (stage 4 and stage 5) and late developmental stages (stage 6 and stage 7), we 
filtered the transcription factor genes with RPKM≥30 in at least one of the three early 
developmental stages, with RPKM≥30 in one of the mid developmental stages and with 
RPKM≥30 in one of the late developmental stages. This minimum RPKM was chosen to 
highlight the transcription factor gene models with the highest expression levels throughout 
soybean seedling development. The distribution of major categories of transcription factor genes 
are shown in Figure 2.5 for early, mid and late developmental stages separately and their 
associated gene models and annotations are shown in supplementary tables of Shamimuzzaman 
and Vodkin, 2014.  We found over-represented transcription factor gene families are AP2, Zinc 
finger, MYB, NAC and WRKY in early, mid and late developmental stages.  
The list of 5608 transcription factor gene models was filtered to retain genes with 
RPKM≥30 in at least one of the seven seedling development stages. This filtering resulted in a 
list of 459 transcription factor genes with notable expression in at least one stage of seedling 
development. These transcription factor gene models were then grouped into 6 clusters with 
Multi-Experiment Viewer. All six clusters are shown and the gene models in each cluster are 
listed in supplementary files of Shamimuzzaman and Vodkin, 2014. These models show similar 
expression patterns in Biological Replicate 2. 
Figure 2.6a represents 109 transcription factors that have high expression in the early 
stages and clear decreasing levels during seedling cotyledon development. Expression of these 
genes at stage 1 ranges from RPKMs of 25 to over 380. Of the 190 genes, 25 gene models are 
annotated as AP2 transcription factor and another 25 gene models are annotated as zinc finger 
transcription factor (Table 4). Other prominent gene models are annotated as No Apical 
Meristem (NAM) and WRKY transcription factors.  The transcription factor gene models in 2.6b 
decrease and then suddenly increase in RPKMs at the last stage of cotyledon development.  
Similarly, 2.6c and 2.6d depict transcription factors that peak during mid-development.  
Interestingly, as shown in Figure 2.5, the relative proportion of the prominent AP2, zinc finger, 
MYB, and NAC transcription factors is maintained over the early, mid, to late stages; however, 
the specific gene model family members vary greatly in expression patterns.   
19 
 
DISCUSSION 
 
Prominent Expression of Genes Involved in Carbohydrate Metabolism are Consistent with 
the Role of Cotyledons in Mobilizing Reserves During the Early Stages of Seedling Growth 
We found that 27% of the genes with peak expression in the early stages of seedling 
germination were related to carbohydrate metabolism (Figure 2.2). These genes encode sucrose 
synthase, sugar transporter, malic enzyme, enolase and pyruvate kinase (shown in the 
supplementary files of published article by Shamimuzzaman and Vodkin, 2014). During the 
seedling developmental stages, it is critical to supply nutrients to the developing seedlings due to 
their inability to perform photosynthesis (Harris et al., 1986; Bewley, 1997; Koornneef et al., 
2002; Soeda et al., 2005). Generally, nutrients are stored in the seeds mainly in the form of lipids 
and proteins. Upon germination of oilseeds, storage triacylglycerols are mobilized and cleaved 
by lipases to metabolize into carbohydrates mainly in the form of sucrose for transport to the root 
and shoot axes of the developing seedling (Eastmond, 2006). So the high expression of 
carbohydrate metabolism genes in cotyledons is critical during the early seedling developmental 
stages. 
An important and interesting group of genes that peak during early seedling development 
is the glyoxylate cycle genes. The glyoxylate cycle has been associated with mobilization and 
utilization of lipids during seedling developmental processes (Falk et al., 1998; Eastmond et al., 
2001; Penfield et al., 2004). Previous work was done by our lab using cDNA microarrays with 
the same developmental stages to measure the expression profiles of glyoxylate cycle genes 
(Gonzalez and Vodkin, 2007). In this study, we used high throughput RNA-Seq data to 
demonstrate the expression profiles of glyoxylate cycle genes in Figure 2.3. Major genes of this 
cycle include citrate synthase, aconitase, isocitratelyase, malate dehydrogenase and malate 
synthase. In general, these genes showed peak expression at stage 3 of the developing soybean 
seedling (Figure 2.3).  Thus, our RNA-Seq data nicely correlates with the microarray data 
(Gonzalez and Vodkin, 2007) for expression patterns of glyoxylate cycle genes, photosynthesis 
related genes, and some other key genes involved in seedling development.  The 19,200 element 
long-oligo microarray chip used in those investigations provided useful information on 3,594 
genes with developmental expression. However, the oligo chip did not represent the entire 
soybean genome as it was constructed before the completion of the soybean genome in 2010 
20 
 
(Schmutz et al., 2010).  Our RNA-Seq data in this report provide direct transcript abundance for 
all 78,773 predicted low and high confidence gene models, many of which represent low 
abundance transcription factors that were not present on the oligo chip or could not be detected 
within the sensitivity range of the arrays.  
 
Developmental Reprogramming Involves an Increase in Expression of Large Numbers of 
Ribosomal Protein Genes During the Mid Stages when the Cotyledon Transitions from a 
Storage to a Photosynthetic Organ 
In this study, we found a clear shift in the expression of genes involved in prominent 
metabolic pathways during the transition from early to mid and mid to late developmental stages. 
Our findings in Figure 2.2 indicate that there is a transcriptional reprogramming from the early to 
mid-developmental stages which lead to the changes in the expression of genes mostly 
associated with particular metabolic pathways.  It may lead to metabolism shifts from 
carbohydrate metabolism to a large fraction of the most highly expressed genes being related to 
ribosome proteins as the seeds enter the middle stages (Figure 2.2).   
This indicates that there may be a lot of transcriptional and translational reprogramming 
during this transition period of yellow-green cotyledons. Cells need to prepare photosynthetic 
machinery which requires the synthesis of proteins and enzymes involved in photosynthesis 
(Larkin et al., 1989; Byrne, 2009; Jiménez-López et al., 2011).  When the yellow-green seedling 
cotyledons turn into fully green leaf-like structures in Stages 6 and 7, the most highly expressed 
transcripts are related to photosynthesis as expected including photosystem I and photosystem II 
genes.  Another prominent category at this final stage is amino acid metabolism.   
Thus, we show prominent metabolic pathway shifts during the transition of the 
cotyledons from the storage function to the fully functioning first leaf-like organs of the seedling 
that also now has a developing root system. Other prominent genes expressed in the late stages 
are annotated as aquaporin protein PIP family, ADR6 protein and papain family cysteine 
protease (Table 2.2). Aquaporins (AQPs) are an important family of channel proteins that 
facilitate transport of water and certain neutral metabolites across biological membranes 
(Chaumont et al., 2001; Park et al., 2010). PIP aquaporin genes in cotyledons showed an 
interesting expression pattern during early soybean seedling growth. Their expression was low 
up to stage 6 and sharply increased at stage 7. It indicates that the expression of the PIP gene 
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family is significantly increased when the cotyledons are photosynthetically capable and need to 
transport water and other nutrients.  
 
The Major Categories of Transcription Factor Gene Annotations are Relatively Constant, 
While Hundreds of Individual Family Members Differ in Expression Profiles During 
Seedling Cotyledon Development 
Transcription factors play crucial roles in the regulation of gene expression during 
diverse developmental processes (Singh, 1998; Udvardi et al., 2007; MacArthur et al., 2009). In 
this study, we have investigated the expression profiles of transcription factors which showed 
marked expression patterns in cotyledons during seedling developmental stages. Major 
categories of transcription factor genes with RPKM≥30 are shown in Figure 2.5 for early, mid 
and late developmental stages separately. We found that over-represented transcription factor 
gene families such as AP2, Zinc finger, MYB, NAC, and WRKY showed notable expression in 
seedling cotyledons. Interestingly, the major categories of transcription factors were the same in 
all the stages but there were 462 members that differ in expression profiles during seedling 
cotyledon development as shown in the cluster profiles of Figure 2.6 and supplementary files of 
Shamimuzzaman and Vodkin, 2014. 
The AP2 transcription factors play key roles in different developmental processes such as 
leaf epidermal cell identity and organ identity determination (Jofuku et al., 1994; Maes et al., 
2001; Zhang et al., 2008). It has been reported that soybean seed specific AP2 transcription 
factors play important role in seed germination and seedling development (Wang et al., 2008). 
Recently, we demonstrated experimental evidence that a specific AP2 transcription factor is 
regulated by a YABBY transcription factor in the cotyledons of the late seedling developmental 
stages (Shamimuzzaman and Vodkin, 2013). This transcription factor family has multiple 
members and showed variety of expression patterns during developmental processes (Maes et al., 
2001; Wang et al., 2008; Zhang et al., 2008).  Different members of the AP2 transcription factor 
genes show a variety of expression patterns in seedling cotyledons during the early seedling 
developmental stages (Figure 2.6; Table 2.4). 
Another important class of transcription factor is zinc finger transcription factors which 
are involved in numerous plant growth and developmental processes (Yanagisawa et al., 2004; 
Huang et al., 2006; Guo et al., 2013). They can act as a transcriptional activators or repressors 
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involved in diverse plant-specific physiological processes (Yanagisawa et al., 2004; Huang et al., 
2006; Guo et al., 2013). It has been reported that the soybean zinc finger transcription factor 
GmZFP1 is involved in reproductive organ development, especially in petals, stamens and late 
developing seeds (Huang et al., 2006).   The zinc finger class is a large transcription factor 
family which showed variety of expression pattern in seedling cotyledons during soybean 
seedling development (Figure 2.6 and Table 2.4).  
The MYB transcription factor family is also large and functionally diverse. Different 
members of this transcription factor family show spatial and temporal expression patterns. MYB 
proteins are key factors in regulatory networks controlling development, metabolism and 
responses to biotic and abiotic stresses (Dubos et al., 2010; Du et al., 2012). MYB transcription 
factors are very important for transcriptional control in higher plants because of the number of 
genes involved and their roles in the control of plant specific processes. It has been reported that 
MYB transcription factors regulate the accumulation of anthocyanin in different parts of 
Arabidopsis seedlings (Stracke et al., 2007; Gonzalez et al., 2008). Additionally, they are also 
involved in the regulation of vegetative growth in plants (Gonzalez et al., 2008).  High 
expression of these MYB transcription factors may be playing vital roles in transcriptional 
reprogramming during early and mid-developmental stages. However, as for the other classes, it 
is quite difficult to pinpoint the regulation since there are multiple members of this transcription 
factor family that showed a variety of expression patterns in cotyledons during soybean seedling 
development. 
WRKY transcription factors are one of the largest families of transcriptional regulators in 
plants that modulate many plant processes. It has been reported that WRKY transcription factors 
play vital roles in seed development and germination (Eulgem et al., 2000; Jiang et al., 2009; 
Rushton et al., 2010). Family members appear to be involved in the regulation of various 
physiological programs that are unique to plants, including pathogen defense, senescence and 
trichome development (Eulgem et al., 2000; Rushton et al., 2010).  
The NAC factors are members of a large plant-specific family with a diverse array of 
functions, including stress responses, hormone signaling, leaf senescence, meristem and 
primordia formation during embryogenesis (Ooka et al., 2003; Olsen et al., 2005; Tran et al., 
2009). Glycine max has more than 100 different NAC transcription factors which play significant 
roles in plant growth, development, and stress responses (Trans et al., 2009). There are very few 
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studies in plants on the binding sites for transcription factors to their target genes.  Recently, we 
have elucidated the binding sites for specific members of the NAC and YABBY transcription 
factors as well as some of the genes they may regulate in seedling cotyledon development using 
chromatin immunoprecipitation coupled with high througphput sequencing (ChIP-Seq) 
(Shamimuzzaman and Vodkin, 2013).  The NAC factor was found to have up to 72 targets 
including lipoxygense and pectin methyl esterase inhibitor and 96 possible targets were 
identified as YABBY-regulated genes including an AP2 transcription factor, fatty acid 
desaturase and a WRKY transcription factor.  
In summary, seven stages of our RNA-Seq data demonstrate the global transcript 
abundance in cotyledons during seedling developmental stages. We have identified genes with 
notable fluxes in expression patterns in cotyledons at different developmental stages. Our 
profiling data detail the initial phases of the genetic reprogramming mediated by transcription 
factors in seedling cotyledons which drive their ultimate functional transition from storage tissue 
to photosynthetic tissue during soybean seedling development. 
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FIGURES AND TABLES 
 
 
 
 
Figure 2.1. Clusters of gene models with marked expression at different developmental stages of 
soybean seedlings. Clusters were created from Biological Replicate 1 data. Cluster a has gene 
models with RPKM≥500 in at least one of the three early stages (S1, S2, S3) and RPKM<500 in 
two older stages (S6, S7). Cluster b has genes with RPKM≥100 in both stage 4 and stage 5 and 
also RPKM<100 in all older stages (Stage 6 and Stage 7). c and d have gene models with 
RPKM≥500 in at least one older stage (stage 6 or stage 7). Seven stages are shown along the x 
axis and normalized expression of genes is shown in RPKMs along the y axis. 
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Figure 2.2. Distribution of Gene Ontology (GO) categories of highly expressed genes in 
seedling cotyledons during seven developmental stages of soybean seedlings. (a) Categories of 
genes with RPKM≥500 in at least one of the three early stages (S1, S2, S3) and RPKM<500 in 
two older stages (S6, S7). The major category of these genes are involved in carbohydrate 
metabolism (27.59%) (b) Categories of genes with RPKM≥100 in both stage 4 and stage 5 and 
also RPKM<100 in all older stages (Stage 6 and Stage 7). The major category belongs to 
ribosomal protein coding genes (43.92%) (c) Categories of genes with RPKM≥500 in at least 
one older stage (stage 6 or stage 7). The majority of these genes are involved in photosynthesis 
(45.15%). 
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Figure 2.3. Expression profiles of glyoxylate cycle gene models during soybean seedling 
development. Major glyoxylate cycle genes include aconitase, citrate synthase, isocitrate lyase, 
malate dehydrogenase and malate synthase. All these genes showed a peak expression at 
developmental stage 3. These glyoxylate cycle genes have multiple isoforms. Graphically we 
have shown the expression of the gene model with highest level of expression at stage 3. 
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Figure 2.4. The expression profiles of 5608 transcription factor gene models are shown in a 
histogram. These gene models were divided into different bins based on their RPKMs. Seven 
different libraries representing seven developmental stages are shown. Gene models must have 
RPKM≥5 at a stage to be displayed. Gene models with RPKM≥51 are complied together at the 
top (orange). 
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Figure 2.5. Distribution of transcription factor genes that are highly expressed in seedling 
cotyledons of soybean seedlings. (a) Transcription factor genes with RPKM≥30 in at least one of 
the three early developmental stages (stage1, stage 2 and stage 3). (b) Transcription factor genes 
with RPKM≥30 in one of the mid developmental stages (stage4 and stage 5). (c) Transcription 
factor genes with RPKM≥30 in one of the late developmental stages (stage 6 and stage 7). 
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Figure 2.6. Clusters of transcription factor gene models with notable expression patterns during 
seedling developmental stages. Clusters were created from Biological Replicate 1 data. 
Transcription factor gene models in these clusters have RPKM≥30 in at least one of the seven 
seedling development stages. This minimum RPKM was chosen to highlight the transcription 
factor gene models with the highest expression levels throughout soybean seedling development. 
Seven stages are shown along the x axis and normalized expression of genes is shown in RPKMs 
along the y axis. 
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Table 2.1. Summary of RNA-Seq libraries for soybean seedling developmental stages. 
Stage          Developmental Events Tissue 
Bio Rep 1 
Reads 
Bio Rep 2 
Reads 
1 Yellow cotyledons; pre-emerging hypocotyls 
Germinating 
Cotyledons 
72.4 M 53.9 M 
2 Yellow cotyledons; emerging radicle 8-10 mm long 
Germinating 
Cotyledons 
75.3 M 54.6 M 
3 
Yellow cotyledons with green edges; 15-20 mm 
long hypocotyls 
Germinating 
Cotyledons 
55.1 M 55.9 M 
4 
Yellow-green cotyledons; 30-35 mm long 
hypocotyls 
Germinating 
Cotyledons 
56.2 M 55.6 M 
5 
Yellow-green cotyledons above the ground; 
primary roots begin to develop 
Germinating 
Cotyledons 
76.8 M 49.5 M 
6 
Green cotyledons; growing straight from the 
hypocotyl 
Germinating 
Cotyledons 
60.3 M 48.7 M 
7 
Green cotyledons; 6-7 cm long seedling; root 
system fully developed; unifoliolate exposed 
Germinating 
Cotyledons 
46.9 M 56.1 M 
 
Shown are the seven stages of soybean seedling development used for RNA-Seq. These developmental 
stages are defined based on time, size of radicles and hypocytls. Key events during each developmental 
stage are shown along with tissue used for RNA-Seq preparation and the number of reads obtained from 
two biological replicates of RNA high-throughput sequencing (in millions, M). 
 
 
 
 
 
 
 
 
 
 
 
 
31 
 
Table 2.2. Gene models with no significant difference between biological replicates. 
Stage Number of Gene Models Percent of Gene Models 
Stage 1 78773 100 
Stage 2 78192 99.26 
Stage 3 77698 98.63 
Stage 4 78367 99.48 
Stage 5 78646 99.83 
Stage 6 78407 99.53 
Stage 7 78246 99.33 
 
Number and percentage (of 78,773) of gene models with no significant difference in expression between 
two biological replicates (adjusted p-value >0.05), for each stage of soybean seedling development. 
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Table 2.3. Annotations for gene models shown in Figure 2.1 
  
   
Annotation Number of Gene Models Percent of Gene Models 
Fig. 2.1a 103 total 
 Carbohydrate/Sugar Metabolism (PF0862,PF00390, PF00722) 23 22.3 
P26987.1 SAM22_SOYBN Stress-induced protein SAM22 5 4.9 
AAR25995.1 putative senescence-associated protein  4 3.9 
PF08240 Alcohol dehydrogenase GroES-like domain 4 3.9 
PF00043 Glutathione S-transferase 3 2.9 
PF00240 Ubiquitin family 3 2.9 
PF01253 Translation initiation factor SUI1 3 2.9 
Unknown Function 38 36.9 
Others 20 19.4 
Fig. 2.1b 128 total 
 Ribosomal family protein 64 50.0 
Unknown function 24 18.8 
PF06747 CHCH domain 4 3.1 
PF00153 Mitochondrial carrier protein 4 3.1 
PF00006 ATP synthase alpha/beta family 3 2.3 
Others 29 22.7 
Fig. 2.1c 66 total 
 AAK66766.1 AF386739_1 aquaporin protein PIP family 6 9.1 
CAA49340.1 ADR6 protein 6 9.1 
PF00112 Papain family cysteine protease 6 9.1 
Unknown Function  5 7.6 
PF00004 ATPase family protein 4 6.1 
PF00155 Aminotransferase class I and II 4 6.1 
PF00838 Translationally controlled tumour protein 4 6.1 
PF00274 Fructose-bisphosphatealdolase class-I 3 4.5 
Others 28 42.4 
Fig. 2.1d 83 total 
 Photosystem I related genes (PF01241, PF02427, PF03244) 14 16.9 
Photosystem II related genes (PF01716, PF01789, PF06596) 11 13.3 
PF00484 Carbonic anhydrase 12 14.5 
PF00504 Chlorophyll a-b binding protein 10 12.0 
PF00101 Ribulosebisphosphate carboxylase subunit 8 9.6 
PF00120 Glutamine synthetase 8 9.6 
Others 20 24.1 
 
The gene models in the clusters shown in Figure 2.1, divided into representative PFAM and NCBI non-
redundant database annotation groups along with the number and percentage (of the cluster’s total) of 
gene models in each group. The group ‘‘Other’’ represents a miscellaneous category of remaining 
annotations.  
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Table 2.4. Annotations for gene models shown in Figure 2.6 
  
   
Annotation Number of Gene Models Percent of Gene Models 
Fig. 2.6a  190 total 
 PF00847 AP2 domain 25 13.2 
Zinc finger TF 25 13.2 
PF02365 No apical meristem (NAM) protein 18 9.5 
PF03106 WRKY DNA -binding domain 15 7.9 
PF00170, ABI34660.1 bZIP transcription factor 14 7.4 
PF00249 Myb-like DNA-binding domain 12 6.3 
PF08711 Transcription factor S-II (TFIIS) 11 5.8 
PF03514 GRAS family transcription factor 9 4.7 
Others 61 32.1 
Fig. 2.6b 43 total 
 PF00847 AP2 domain 13 30.2 
Zinc finger TF 8 18.6 
PF04857 CAF1 family ribonuclease 5 11.6 
PF02365 No apical meristem (NAM) protein 3 7.0 
PF03106 WRKY DNA-binding domain 3 7.0 
PF00170 bZIP transcription factor 2 4.7 
Others 9 20.9 
Fig. 2.6c 35 total 
 Zinc finger TF 5 15.2 
Sigma-70  Transcription associated factor 4 12.1 
PF00249 Myb-like DNA-binding domain 3 9.1 
PF00412 LIM domain 3 9.1 
PF01722 BolA-like protein 2 6.1 
PF04690 YABBY transcription factor 2 6.1 
Others 16 42.4 
Fig. 2.6d 60 total 
 PF00847 AP2 domain 8 13.3 
PF00023 Ankyrin repeat 6 10.0 
PF02183 Homeobox associated leucine zipper 5 8.3 
PF01849 NAC domain 4 6.7 
PF03790 KNOX1 domain 4 6.7 
PF06203 CCT motif 4 6.7 
PF00249 Myb-like DNA-binding domain 3 5.0 
PF04690 YABBY protein 2 3.3 
Others 24 40.0 
 
The gene models in the clusters shown in Figure 2.6, divided into representative PFAM and NCBI non-
redundant database annotation groups along with the number and percentage (of the cluster’s total) of 
gene models in each group. The group ‘‘Other’’ represents a miscellaneous category of remaining 
annotations. 
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CHAPTER 3 
 
GENOME-WIDE IDENTIFICATION OF BINDING SITES FOR NAC AND YABBY 
TRANSCRIPTION FACTORS AND CO-REGULATED GENES DURING SOYBEAN 
SEEDLING DEVELOPMENT BY CHIP-SEQ AND RNA-SEQ 
 
 
INTRODUCTION 
 
Understanding the transcriptional regulation during developmental processes has been a 
focus for many years at the single gene level. Recently genome-wide mapping of protein–DNA 
interactions enables of complete understanding of transcriptional regulation. The identification of 
transcription factor binding sites is very important for deciphering the gene regulatory networks 
that involve various biological processes (Johnson et al., 2007; Jothi et al., 2008; Valouev et al., 
2008; Barski et al., 2009). Transcription factors bind to DNA sequences and regulate gene 
expression both in animals and plants (Riechmann et al., 2000; Thibaud-Nissen et al., 2006; 
Udvardi et al., 2007; MacArthur et al., 2009). Numerous biological processes are directly 
regulated or influenced by transcription factors. The developmental processes are regulated by 
the appearance and disappearance of specific transcription factors (Singh et al., 1998; Riechmann 
et al., 2000; Udvardi et al., 2007; MacArthur et al., 2009). Therefore, the determination of 
transcription factor binding sites has immense importance for unraveling the transcriptional 
regulation during developmental processes. 
In this study, the transcriptional regulation of seven different stages of soybean seedling 
(Figure 1.1) development was investigated. It has been reported that changes in developmental 
stages shift the level of gene expression in cotyledon of germinating soybean seedlings 
(Gonzalez and Vodkin, 2007) and other developmental factors (Udvardi et al., 2007). These  
 
_____________________________________________________________________________ 
2The data from this chapter has been published as the article entitled “Genome-wide identification of binding sites 
for NAC and YABBY transcription factors and co-regulated genes during soybean seedling development by ChIP-
Seq and RNA-Seq” by Shamimuzzaman and Vodkin, BMC Genomics (2013) 14: 477. 
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changes are accomplished by the changes in the expression level of transcription factors (Singh 
et al., 1998; Riechmann et al., 2000; Udvardi et al., 2007). A number of  soybean developmental 
stage associated transcription factors have already been reported, including NAC , SNF2, zinc 
finger transcription factor , transcription factor homolog BTF3-like protein and transcription 
repressor ROM1  (Gonzalez and Vodkin, 2007; Jones et al., 2010). To deeply investigate the 
transcription factor mediated regulation of gene expression during soybean seedling development, 
we constructed ChIP-Seq and RNA-Seq libraries using developmental stage specific cotyledons. 
There is a functional transition between developmental stage 4 and stage 5 when cotyledons 
undergo a physiological transition from mainly a nutrient and food reserve tissue (yellow) to an 
active photosynthetic (green) tissue. The physiological transition of the cotyledon is a complex 
process that must be under strict gene control and regulation. To investigate the expression level 
of transcription factors and co-regulated genes, we constructed seven different RNA-Seq 
libraries specific to each developmental stage. Based on our RNA-Seq data, we selected specific 
NAC and YABBY transcription factors which showed a clear pattern in their expression from 
lower level to higher level during the physiological transition of soybean seedlings.  
Two important transcription factors, NAC and YABBY, are involved in numerous 
biological processes (Siegfried et al., 1999; Bowman, 2000; Libault et al., 2010). The NAC 
family (NAM/ATAF/CUC) constitutes a highly prolific group of plant-specific TFs, with 
representatives in monocots, dicots, conifers and mosses (Ooka et al., 2003; Hu et al., 2010). 
Many plants of commercial and scientific interest, such as Glycine max, have more than 100 
different NAC proteins (Tran et al., 2009; Libault et al., 2010). In this study, we focused on two 
specific genes encoding NAC transcription factors which showed a clear expression pattern 
during seedling development.  NAC transcription factors play important roles in plant growth, 
development, and stress responses (Kim et al., 2006; Zhong et al., 2006; Tran et al., 2009). 
Previously it was shown in Arabidopsis that a consensus DNA sequence (CGT[GA]) to which 
NAC and other relatively distant NAC TFs bind (Olsen et al., 2005). But there is no 
experimental evidence in legumes for their DNA binding sites and co-regulated genes.  
Another group of plant specific transcription factors is YABBY, which plays a critical 
role in determining organ polarity (Eshed et al., 2001; Bowman et al., 2002; Kumaran et al., 
2002; Sieber et al., 2004). It is involved in the establishment of abaxial-adaxial polarity in lateral 
organs (Siegfried et al., 1999; Goldshmidt et al., 2008). YABBY family transcription factors 
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contain a zinc-finger domain in the amino-terminal region and a YABBY domain in the 
carboxyl-terminal region (Bowman and Smyth, 1999; Siegfried et al., 1999). There is not much 
known about the molecular mechanisms of this YABBY transcription factor including the DNA 
binding sites and co-regulated genes during legumes development. 
In order to dissect the developmental stage specific gene regulation by NAC and YABBY 
transcription factors, we developed polyclonal antibodies against synthetic peptides representing 
specific members of those transcription factors and performed ChIP-Seq experiment using 
pooled cotyledons from stage 4 and stage 5. We investigated the differential expression of gene 
models identified by ChIP-Seq between stage 3 (before the functional transition) and stage 6 
(after the functional transition) using our RNA-Seq data. Our ChIP-Seq data identified many 
candidate genes that are regulated by specific members of NAC and YABBY transcription 
factors. Motif analysis discovered three separate motifs for NAC and YABBY transcription 
factors. RNA-Seq analysis revealed the expression in reads per kilobase of gene model per 
million mapped reads (RPKM) for these motif-containing Glyma models during different 
developmental stages. The expression analysis efficiently identified differentially expressed 
genes between stage 3 and stage 6.  The identification of NAC and YABBY transcription factor 
binding sites and the potential genes regulated by these transcription factors will advance our 
understanding of gene regulation during legume development. 
 
 
METHODS 
 
Plant Materials and Growth Conditions 
Four soybean (Glycine max cv. Williams) seeds were planted per small pot (4.5 inches) 
containing Universal SB300 soil mix. A total of 25 pots (100 seeds) were initially used to collect 
and pool 6 individual cotyledon samples per developmental stage. Plants were grown for 
approximately 7-8 days with regular watering.  A biological replicate was performed with 
another 25 pots to collect tissues in a similar way. Seven different stages during the development 
of soybean seedlings were defined based on time, size of radicles, hypocotyls, roots and 
appearance of germinating cotyledons (Figure 1.1). Stage 1: Imbibed seed for 24 hours; pre-
emerging hypocotyls. Stage 2: Yellow cotyledons; emerging radicle 8-10 mm long. Stage 3: 
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Yellow cotyledons with slightly green edges; hypocotyls15-20 mm long. Stage 4: Yellow-green 
cotyledons; hypocotyls 30-35 mm long. Stage 5: Yellow-green cotyledons above the ground; 
primary roots starting to develop. Stage 6:  Mostly green cotyledons above the ground; growing 
straight from the hypocotyl.  Stage 7: Fully green cotyledons; plants 6-7 cm long above the 
ground; the root system fully developed; cotyledons upright; unifoliolate exposed. For the RNA-
Seq experiment, cotyledons from each of these developmental stages were collected and then 
frozen in liquid nitrogen. Subsequently the tissue was freeze dried and stored at -80°C. For ChIP-
Seq experiment, fresh cotyledons from stage 4 and stage 5 were used. 
 
RNA-Seq Library Construction and Data Analysis 
Total RNA was extracted separately for seven different developmental stages from freeze 
dried cotyledons using a modified McCarty method (McCarty et al., 1986) using phenol-
chloroform extraction and lithium chloride precipitation. A biological replicate was performed to 
extract RNA in a similar way. Library construction and high-throughput sequencing were carried 
out by the Illumina HiSeq2000 at the Keck Center, University of Illinois at Urbana-Champaign.  
The 100 bp RNA-Seq reads were mapped to the 78,773 high and low confidence soybean gene 
models (Goodstein et al., 2012) using the ultrafast Bowtie aligner (Langmead et al., 2009) with 
up to 3 mismatches. RNA-Seq data was normalized in reads per kilobase of gene model per 
million mapped reads (RPKM) (Mortazavi et al., 2008).  The DESeq package (Anders et al., 
2010) was used to determine differential expression between developmental stage 3 and stage 6 
and calculate p-values. If the p-value was < 0.05, we considered that gene as significantly 
differentially expressed gene between two developmental stages. The expression could be up-
regulated or down-regulated based on the corresponding RPKM values.  
 
ChIP-Seq Library Construction 
Cotyledons from soybean seedling developmental stage 4 and stage 5 were collected for 
the ChIP-Seq experiment performed using previously described methods (Kaufmann et al., 2010; 
Ricardi et al., 2010). Briefly, 0.08 g of fresh weight of soybean cotyledons from stage 4 or stage 
5 were cross sectioned with a razor blade and then cross linked with 1% formaldehyde under 
vacuum.  Immediately the samples were ground to powder in liquid nitrogen. The chromatin 
complexes were isolated following previously established protocols (Kaufmann et al., 2010; 
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Ricardi et al., 2010). Later, the chromatin was sonicated to shear DNA into 200-600 bp 
fragments using the 15% power setting and fifteen times for 20 second pulses using a Branson 
digital probe sonifier. Sample containing tubes were kept on ice while the sonication was 
performed. Subsequently, the sonicated DNA was incubated with a polyclonal antibody 
developed against the YABBY or NAC transcription factors. All the antibodies were produced 
by GenScript Corporation. They used the Jameson and Wolf (JW) prediction algorithm (Jameson 
et al., 1988) to design synthetic peptides for the production of antibody against YABBY and 
NAC transcription factor. The antibodies specific to NAC and YABBY transcription factors 
were tested using crude protein extracts from cotyledons on protein arrays (Jones et al., 2015). 
Separate controls which were not treated with antibody, but used preimmune sera, were used for 
each experiment. Then DNA-antibody complexes were precipitated following standard protocol 
(Haring et al., 2007; Ricardi et al., 2010) and DNA was recovered by dissociating the complexes. 
ChIP-Seq library construction and high-throughput sequencing was carried out by the Illumina 
HiSeq2000 at the Keck Center, University of Illinois at Urbana-Champaign.  The complete 
protocol for the ChIP-Seq experiment is given in Appendix A.  
 
ChIP-Seq Data Analysis 
Sequencing of ChIP-Seq libraries produced millions of raw reads which were aligned to 
the reference soybean genome using the ultrafast Bowtie aligner (Langmead et al., 2009) to get 
the number of genome matched reads. The length of our sequence reads was 100 bp and we 
allowed 3 mismatches for Bowtie alignment. The experiment was conducted in two conditions, 
the control library and the antibody treated library. MACS software (Zhang et al., 2008) with 
specific parameters (bandwidth 300 bp; mfold, 30; P-value of 1.00e-05) was used to call peaks 
representing enriched binding sites. The Bowtie alignment output for both control and antibody 
treated libraries was used together as input to the MACS software to detect a number of peaks 
for the potential binding sites for the YABBY or NAC transcription factors separately. Since 
ChIP-DNA fragments are equally likely to be sequenced from both ends, the tag density around a 
true binding site should show a bimodal enrichment pattern, with forward strand tags enriched 
upstream of binding sites and reverse strand tags enriched downstream of binding sites (Zhang et 
al., 2008; Park, 2009; Pepke et al., 2009; Feng et al., 2012). MACS software takes advantage of 
this bimodal pattern to empirically model the shifting size to better locate the precise binding 
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sites. It randomly samples 1,000 of these high-quality peaks, separates their forward (+) and 
reverse (-) tags, and aligns them by the midpoint between their forward and reverse tag centers 
(Zhang et al., 2008; Feng et al., 2012). MACS calculated estimated DNA fragment size, d which 
is the distance between the peak in the forward and reverse strand. Then MACS shifts all the tags 
by d/2 toward the 3' ends to get the most likely protein-DNA interaction sites (Zhang et al., 2008; 
Park, 2009; Pepke et al., 2009; Feng et al., 2012). Then the genomic locations of these peaks 
were identified from the soybean gene annotation file from the Phytozome database (Goodstein 
et al., 2012) using a custom made Python programming script. Using that programming script, all 
binding peaks were sorted based on the following criteria: (1) if a binding site resides in the gene 
body, it will be further categorized according to its location in the gene body (i.e., 5’-
untranslated region, exon, intron, or 3’-untranslated region); (2) if a binding site is localized in 
the 1000-bp region upstream of the transcription start site of a gene, it is classified as a binding 
site in the promoter region in our study; the binding sites not selected by the above criteria were 
defined as the binding sites in the intergenic regions.  The outputs of the analysis, specifically the 
detected peaks were visualized in the Integrative Genomics Viewer genome browser (Robinson 
et al., 2011). 
 
Motif Search 
A motif search was performed using the most widely used MEME software (Bailey et al., 
2006). For MEME analysis, gene models were selected based on the location of detected peaks 
and fold enrichment. In this analysis, we included those gene models whose promoter region 
contains at least one detected peak and a fold enrichment of 3 or more. For promoter associated 
peaks, 250 bp sequences from both sides of peak summits were retrieved.  These 500 bp 
sequences for associated gene models were given as input in MEME software to identify 
common motifs. Some of these identified motifs were matched to known motifs in the plant 
transcription factor binding sites database, JASPAR CORE plants (Lenhard et al., 2002; Sandelin 
et al., 2004). 
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Data Availability 
The high-throughput sequencing data for ChIP-Seq libraries are available under NCBI-
GEO series accession no. GSE42422. In addition, RNA-Seq data for seven developmental stages 
with two biological replicates are available under NCBI-GEO series accession no. GSE42550. 
 
 
RESULTS 
 
 RNA-Seq Reveals the Differential Expression of NAC and YABBY Transcription Factor  
To understand the molecular mechanisms involved in the functional transition during 
soybean seedling development, we constructed seven different RNA-Seq libraries using 
cotyledons from each developmental stage separately. High throughput sequencing-by-synthesis 
(SBS) of these libraries produced 46 million to 76 million reads. Most of these reads mapped to 
the soybean reference genome and transcriptome of cv. Williams 82 available at the Phytozome 
database (Goodstein et al., 2012).  Analysis of RNA-Seq data from different developmental 
stages revealed the differential expression of many genes including transcription factors. In this 
study, we focused on NAC and YABBY transcription factors which showed a clear expression 
pattern during soybean seedling development (Table 3.1 and Figure 3.1). Their expression 
gradually increases from stage 1 to stage 4 of soybean germinating cotyledons. The highest level 
of expression was found at stage 4. Then it gradually decreased as the germinating cotyledons 
develop a mature seedling. There are four specific members of NAC family and two specific 
members of the YABBY family showed this expression pattern. The expression pattern is shown 
graphically for two specific members of the NAC family among four and two specific members 
of YABBY family (Figure 3.1). There was a 5 to 10-fold range in differences of RPKM values 
between stage 1 to stage 4 and stage 5 (Table 3.1 and Figure 3.1). 
 
ChIP-Seq Libraries and Detection of Peaks for NAC and YABBY Transcription Factors 
ChIP-Seq libraries were constructed using pooled cotyledons from soybean seedling 
developmental stage 4 and stage 5. After cross linking of cotyledon samples, chromatin 
complexes were isolated and sonicated for appropriate fragmentation for sequencing. We 
performed this experiment using different polyclonal antibodies raised against specific NAC and 
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YABBY transcription factors using synthetic peptides (Table 3.2). The DNA-antibody 
complexes were precipitated and DNA was recovered from the complexes. Subsequently, ChIP-
Seq libraries for NAC and YABBY transcription factors were constructed and high-throughput 
sequencing was performed. For NAC ChIP-Seq libraries, we obtained 21 million raw reads for 
the control library and 34 million raw reads for the antibody treated library (Table 3.3). Similarly 
sequencing of YABBY ChIP-Seq libraries generated 95 million raw reads for the control library 
and 86 million raw reads for the antibody treated library (Table 3.3). 
Millions of raw reads obtained from ChIP-Seq libraries were aligned to the reference 
soybean genome using the ultrafast Bowtie aligner (Langmead et al., 2009) to obtain quantitative 
data for genome matched reads. There are numerous peak detection algorithms available for 
analyzing ChIP-Seq data sets. In this experiment MACS software (Zhang et al., 2008) was used 
to call peaks representing enriched binding sites. The Bowtie alignment outputs for both control 
and antibody treated libraries were used together as input in the MACS software.  For the NAC 
ChIP-Seq data set, MACS detected 8246 enriched peaks with p-value < 0.05 and for the YABBY 
ChIP-Seq data set, it detected 18064 (Table 3.4, and supplementary files in Shamimuzzaman and 
Vodkin, 2013). The distributions of MACS detected peaks in soybean chromosomes for both 
NAC and YABBY transcription factors were visualized using Integrative Genomics Viewer 
(IGV) software (Robinson et al., 2011) (Figure 3.2). Additionally, MACS software builds the 
peak models for NAC and YABBY transcription factors separately using the bimodal 
distribution of forward (+) and reverse (-) sequence tags (Zhang et al., 2008; Feng et al., 2012) 
(Figure 3.3). It calculates the estimated DNA fragment size, d, which is the distance between the 
peak in the forward and reverse strand. Then MACS shifts all the tags by d/2 towards the 3' ends 
to get the most likely protein-DNA interaction sites (Zhang et al., 2008; Park, 2009; Pepke et al., 
2009; Feng et al., 2012). For the NAC ChIP-Seq dataset, MACS shifted all the tags 55 bp 
towards the 3’end to get most likely protein-DNA interactions whereas the shift was 52 bp for 
the YABBY transcription factor. 
 
Locations of Detected Peaks and Discovery of Common Motifs in the Promoter Regions 
The genomic locations of MACS detected peaks were identified from the soybean gene 
annotation using a custom made Python programming script. We found that significant numbers 
of these peaks are located in the promoter region.  For the YABBY ChIP-Seq dataset, 1526 
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peaks are located in the promoter region (Figure 3.4). Similarly for the NAC ChIP-Seq dataset, 
974 peaks are located in the promoter region. Additionally we found that peaks are located in 
close proximity to the transcription start sites (TSS) (Figure 3.5). A motif search was performed 
using the most commonly used Multiple EM for Motif Elicitation (MEME) software (Bailey et 
al., 2006). For MEME analysis, we included those Glyma models whose promoter region 
contained at least one detected peak with a fold enrichment of 3 or more. The motif analysis 
discovered three separate motifs for the NAC and YABBY transcription factors (Table 3.5). For 
the NAC transcription factor, three commonly found motifs were G[AT]G[AG]G[AG]GA, 
C[AC]C[GA][TC][GA]CC and TGGGCC (Figure 3.6). The first one matched to a known zinc 
finger motif and the last two were identified as leucine zippers in the database of plant 
transcription factor binding motifs, JASPAR CORE plants (Lenhard et al., 2002; Sandelin et al., 
2004). Similarly the three most commonly found motifs for YABBY transcription factors are CC 
[CA][TC]C[TA][CT]C, GA[AG]AGAAA and CCCCAC (Figure 3.6). The first two motifs 
matched to a known zinc finger motif and the last one was an AP2 MBD-like motif. 
 
ChIP-Seq Coupled with RNA-Seq Reveals Candidate Genes Regulated by NAC and 
YABBY Transcription Factors 
Our ChIP-Seq data identified 72 potential genes which are regulated by specific members 
of NAC transcription factor (Table 3.6 and supplementary files in Shamimuzzaman and Vodkin, 
2013). In similar way, we identified 96 potential candidate genes which are regulated by 
YABBY transcription factors (Table 3.7 and supplementary files in Shamimuzzaman and 
Vodkin, 2013).  We investigated the differential expression of NAC and YABBY regulated 
genes between stage 3 (before the functional transition) and stage 6 (after the functional 
transition) using our RNA-Seq data. RNA-Seq analysis revealed the expression in RPKM for 
these NAC and YABBY regulated candidate genes during different developmental stages. For 
differential expression analysis the DESeq package (Anders and Huber, 2010) efficiently 
identified differentially expressed genes between stage 3 and stage 6 with statistically significant 
P-values < 0.05. For the NAC transcription factor, we found that 10 candidate genes are up-
regulated, 21 candidate genes are down-regulated and 41 candidate genes show no significant 
difference in their expression. Similarly for the YABBY transcription factor, we found that 19 
candidate genes are up-regulated, 27 candidate genes are down-regulated and 50 candidate genes 
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show no significant difference in their expression. The majority of these differentially expressed 
candidate genes are found to be involved in plant developmental processes. 
 
 
DISCUSSION 
 
The regulation of gene expression by transcription factors is a quite complex and 
coordinated process. Recently the ENCODE (ENCyclopedia of DNA Elements) project has 
generated chromatin immunoprecipitation followed by high-throughput sequencing (ChIP-seq) 
data sets for a large number of transcription factors using different human cell lines to identify 
genome-wide functional and regulatory DNA elements (Bernstein et al., 2012; Gerstein et al., 
2012). Although better understood in model plants such as Arabidopsis and rice (Riechmann et 
al., 2000; Vandepoele et al., 2009; Xue et al., 2012) knowledge is scarce in most other plants.  A 
number of transcription factor binding sites have been identified in Arabidopsis using recently 
developed techniques such as Chromatin Immunoprecipitation Sequencing (ChIP-Seq) (Oh et al., 
2009; Ouyang et al., 2011; Brandt et al., 2012; Immink et al., 2012). Soybean is a polyploid crop 
having a complex and large genome (Schmutz et al., 2010). To date, there are no reports of 
identification of soybean transcription factor binding sites using the high throughput ChIP-Seq 
technique. In order to identify two developmentally important transcription factors binding sites 
during soybean seedling development, we used a combination of experimental and 
bioinformatics approaches. In this study, ChIP-Seq and RNA-Seq were used to dissect the gene 
regulatory networks for NAC and YABBY transcription factors during soybean seedling 
development. We constructed seven RNA-Seq libraries using cotyledons from seven different 
seedling developmental stages separately to see the expression level of transcription factors and 
their co-regulated genes. Later we constructed separate ChIP-Seq libraries for specific NAC and 
YABBY transcription factors using pooled cotyledons from soybean seedling developmental 
stage 4 and stage 5 when the cotyledons undergo a functional transition from non-photosynthetic 
storage tissues to metabolically active photosynthetic tissues. 
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Genome-wide NAC Binding Sites and Co-Regulated Genes in Seedling Development 
The NAC transcription factor is a plant specific transcription factor family which plays 
important roles in plant growth, development and stress responses (Kim et al., 2006; Zhong et al., 
2006; Tran et al., 2009). Glycine max has more than 100 different NAC proteins (Tran et al., 
2009; Libault et al., 2010).  Although NAC transcription factor family is quite large, our RNA-
Seq data showed that there are only four specific members of NAC family expressed and showed 
a clear expression pattern during soybean seedlings development (Table 3.1 and Figure 3.1).   
Additionally, we performed the multiple sequence alignment of these four members of NAC 
family and found a high homology among their sequences (Appendix B). These four members of 
NAC family possess that short peptide sequence used for developing the antibody and they are 
closely related. The NAC and YABBY specific antibodies were tested using crude protein 
extracts from cotyledons on protein arrays (Jones et al., 2015). For the ChIP-Seq experiment, we 
used germinating cotyledons from stage 4 and stage 5 which are the transition stages. Thus, our 
antibody is specific for these four members of the NAC family since they show high homology 
in their sequences and are the only members expressed during the physiological transition at 
stage 4 and stage 5. The analysis of ChIP-Seq libraries (control and antibody treated) for the 
NAC transcription factor using MACS software detected 8246 highly enriched peaks with 
statistical significance P < 0.05. A significant number of these peaks are associated with soybean 
gene models. We found that 974 peaks are located in the promoter region of soybean gene 
models. For MEME analysis, we selected those Glyma models whose promoter region contains 
at least one detected peak with a fold enrichment of 3 or more over the control. We found three 
common DNA binding motifs, two of them matched to leucine zipper and one matched to a zinc 
finger (Figure 3.6 and Table 3.5). Previously it had been reported in Arabidopsis that the NAC 
transcription factor binding site contains the consensus DNA sequence (CGT[GA]) (Olsen et al., 
2005). One of our identified common motifs was C[AC]C[GA][TC][GA]CC which contains the 
previously identified motif in Arabidopsis, thus corroborating our discovery of DNA binding 
motifs for the NAC transcription factor in soybean. 
To dissect the gene regulatory network of a particular transcription factor, it is important 
to study the expression of co-regulated genes.  In this study, we have identified 72 genes 
potentially regulated by a NAC transcription factor based on our ChIP-Seq and RNA-Seq data 
(Table 3.6 and supplementary files in Shamimuzzaman and Vodkin, 2013). Using our 
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developmental stage specific RNA-Seq data, we investigated their expression levels. Our 
particular interest was on developmental stage 3 which is before the functional transition and 
developmental stage 6 which is after the functional transition. DESeq analysis showed 
differential expression of a number of candidate genes at p-value < 0.05. We focused on 10 up-
regulated and 21 down-regulated genes to see the level of expression difference in between stage 
3 and stage 6. From the RNA expression data, the highest level of expression difference was 
found with genes annotated as lipoxygense, pectin methylesterase inhibitor (PMEI), 
DEAD/DEAH box helicase and Homeobox associated proteins.  DESeq analysis also showed 
very low p-values corresponding to these gene models indicating they are significantly 
differentially expressed.  
Among those highly differentially expressed genes, lipoxygenase has been proposed to be 
involved in reserve lipid mobilization during soybean seed germination (Wang et al., 1999; 
Rylott et al., 2001; Gonzalez and Vodkin, 2007). Our RNA-Seq data showed that the 
lipoxygenase gene is up-regulated. Once germination is triggered, lipids need to be mobilized by 
the action of lipoxygenase and ultimately triacylglycerols are degraded to act as a carbon and 
energy source for the developing seedlings. Another candidate gene encodes a cupin domain 
containing protein, which has been reported to be involved in seed germination and early 
seedling development (Lapik et al., 2003; Dunwell et al., 2004). We found that the cupin gene is 
down-regulated by the specific NAC transcription factor. This might be due to the fact that after 
the functional transition the seedling tends to shift towards a normal photosynthetic cycle instead 
of the glyoxylate cycle. In this study, we found pectin methylesterase inhibitors (PMEIs) are 
regulated by the specific members of NAC transcription factor. Pectin, one of the main 
components of the plant cell wall, is continually modified and remodeled during plant growth 
and development (Micheli, 2001; Ridley et al., 2001). Pectin methylesterases (PMEs) catalyse 
the demethylesterification of cell wall pectins (Micheli, 2001; Joile et al., 2010). In many 
developmental processes, PMEs are regulated by either differential expression or 
posttranslational control by pectin methylesterases inhibitors (PMEIs) (Hong et al., 2010). These 
PMEI inhibitors play significant roles in plant growth, cell division, and expansion (Hong et al., 
2010; Joile et al., 2010). We identified PMEI as a NAC regulated potential candidate gene and 
the expression of PMEI gene is up-regulated by this NAC transcription factor, indicating that 
PMEI reduces the activity of PMEs during later stages of seedling development.  
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Another important gene regulated by the NAC transcription factor is the DEAD/DEAH 
box helicases which are ubiquitous enzymes that catalyze the unwinding of energetically stable 
duplex DNA (DNA helicases) or duplex RNA secondary structures (RNA helicases) (Linder et 
al., 1989; Aubourg et al., 1999;Tuteja and Tuteja, 2006). Most helicases are members of the 
DEAD-box protein superfamily and play essential roles in basic cellular processes such as DNA 
replication, repair, recombination, transcription, ribosome biogenesis and translation initiation 
(Tuteja and Tuteja, 2006; Umate et al., 2010). Therefore, helicases might be playing an 
important role in regulating plant growth and development.  Our ChIP-Seq results showed the 
potential NAC transcription factor binding sites in the promoter region of DEAD/DEAH box 
helicase gene (Figure 3.7a).  ChIP-Seq and RNA-Seq analysis together showed that the 
DEAD/DEAH box helicase gene is down-regulated by the NAC transcription factor. Using our 
RNA-Seq data, we found that a particular Homeotic (HOX) gene was down- regulated by the 
NAC transcription factor. The plausible explanation for this down regulation might be that HOX 
genes are known to be involved in flower development (Ma et al., 1994; Chan et al., 1998) and 
thus it is expected to be down-regulated during seedling development. Taken together, these 
results indicate that NAC transcription factors act in multiple pathways to regulate gene 
expression that facilitate the functional transition of the cotyledons during legume seedling 
growth.  
 
A Global View of YABBY Binding Sites and Regulated Genes in Seedling Development 
The YABBY transcription factor family is a group of plant specific transcription factors 
which play important roles in organ polarity determination (Eshed et al., 2001; Bowman et al., 
2002; Kumaran et al., 2002). Members of the YABBY gene family are characterized by two 
conserved domains, a C2C2 zinc finger-like domain towards the amino terminus and a helix-
loop-helix, which is called the YABBY domain, with sequence similarity to the first two helices 
of the HMG box towards the carboxyl end of the protein (Bowman and Smyth, 1999; Siegfried 
et al., 1999). Glycine max has multiple isoforms of the YABBY transcription factor; however 
there is not much known about the molecular mechanisms for this transcription factor 
specifically its DNA binding sites and co-regulated genes. Our RNA-Seq data revealed that there 
are ten members of the YABBY transcription factor family expressed during the physiological 
transition. We performed a multiple sequence alignment among the ten members of the YABBY 
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transcription factors. Two of them showed high sequence homology and they are closely related 
(supplementary files in Shamimuzzaman and Vodkin, 2013). Only these two members possess 
the short peptide sequence used for developing the antibody. Thus, our antibody is specific for 
those two members of the YABBY family that showed the clear expression pattern during the 
functional transition. The analysis of ChIP-Seq libraries (control and antibody treated) for the 
YABBY transcription factor detected 18064 highly enriched peaks with statistical p-value < 0.05. 
A significant number of these peaks are associated with gene models. We found that 1526 peaks 
are located in the promoter region of soybean gene models. We found three common DNA 
binding motifs by MEME analysis; two of them match to the zinc finger motif and one matches 
to the AP2 MBD-like motif (Figure 3.6 and Table 3.5).  
In this study, we have identified YABBY regulated genes based on our ChIP-Seq and 
RNA-Seq data.  We found that there are 96 genes potentially regulated by the YABBY 
transcription factor (Table 3.7 and supplementary files in Shamimuzzaman and Vodkin, 2013). 
Using our developmental stage specific RNA-Seq data, we have investigated their expression 
levels before the functional transition (developmental stage 3) and after the functional transition 
(developmental stage 6). DESeq analysis showed differential expression of a number of 
candidate genes at p-value < 0.05.  We carefully looked at the expression data for the 19 up-
regulated and 27 down-regulated genes to see the level of expression difference between stage 3 
and stage 6. From the RNA expression data, the highest level of expression difference was found 
with genes annotated as protein AP2 (APETALA2) transcription factor, fatty acid desaturase and 
WRKY DNA binding domain protein as well as some other genes with no functional annotation.  
Among them AP2 is a very well-known transcription factor unique to plants, whose 
distinguishing characteristic is its AP2 DNA-binding domain (Jofuku et al., 1994; Wang et al., 
2008; Dietz et al., 2010). It plays a key role in several developmental processes like floral organ 
identity determination and control of leaf epidermal cell identity and is under strict regulation 
during developmental processes (Jofuku et al., 1994; Maes et al., 2001; Tsuwamoto et al., 2010; 
Shamimuzzaman et al., 2012; Zabala et al., 2012). Our ChIP-Seq results showed the potential 
YABBY transcription factor binding sites in the promoter region of AP2 gene (Figure 3.7b). 
Since it is mainly involved in flower developmental, it is down-regulated at the later stages of 
seedling development.  
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The existence of repeated DNA-binding domains not unique to AP2 transcription factors, 
the WRKY family of transcription factors also may contain a repeated DNA-binding domain 
(Rushton et al., 1995). Our RNA-Seq data revealed that there are 53 genes encoding WRKY 
transcription factors expressed at level (≥ 10 RPKM) in at least one of seven stages of soybean 
seedling development (supplementary files in Shamimuzzaman and Vodkin, 2013). Based on our 
ChIP-Seq result, a specific WRKY Transcription factor is one among five major candidates 
regulated by YABBY transcription factor. Previous reports show that the WRKY transcription 
factor has been involved in the numerous plant developmental processes (Eulgem et al., 2000; 
Zhang et al., 2004; Xie et al., 2006; Ciolkowski et al., 2008; Jiang et al., 2009). Specific 
members of WRKY transcription factor family are playing important role in seed development 
(Zhang et al., 2004; Xie et al., 2006). However it is quite difficult to pinpoint the regulation by 
the WRKY transcription factor since there are large numbers of WRKY transcription factors in 
soybean. Another YABBY regulated candidate gene is Fatty Acid Desaturase (FAD). It encodes 
the main enzyme responsible for polyunsaturated lipid synthesis in developing seeds of oil crops 
(Gu et al., 2012; Zhang et al., 2012). Our results showed that fatty acid desaturase was down-
regulated by the YABBY transcription factor in agreement with lipid catabolism being more 
preferable during seedling development than lipid biosynthesis which needs fatty acid desaturase. 
Our ChIP-Seq results reveal the genome-wide view of binding sites for the YABBY transcription 
factor and RNA-Seq demonstrates the resultant changes in expression of regulated genes that 
influence the physiological transition of the soybean cotyledon from a storage tissue to a 
metabolically active tissue during seedling growth. 
In summary, ChIP-Seq demonstrates promising potential as a new tool in understanding 
genome-wide binding sites for transcription factors and transcriptional gene regulatory networks. 
Our genome-wide identification of NAC and YABBY transcription factor binding sites using 
antibodies to synthetic peptides representing these rare abundance transcription factors will help 
to better understand the transcriptional gene regulatory network during the functional transition 
of cotyledons from a storage tissue to a metabolically active photosynthetic tissue. The discovery 
of common DNA binding motifs and identification of regulated genes opens a new avenue to 
pinpoint the molecular mechanisms of these two important transcription factors during seedling 
growth. Combining ChIP-Seq and RNA-Seq results advances understanding of the underlying 
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genetic mechanisms involved in the functional transition as well as their regulation and control 
systems throughout the soybean seedling developmental process.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
50 
 
FIGURES AND TABLES 
 
 
 
Figure 3.1. Expression level of NAC and YABBY transcription factor during seven 
developmental stages of soybean seedling. a. NAC family transcription factor expression level 
measured by RNA-Seq during seedling development. b. YABBY transcription factor expression 
level measured by RNA-Seq during seedling development. The graph shows a conspicuous 
expression pattern for NAC and YABBY transcription factors during soybean seedling 
developmental stages. Their expression gradually increased from germinating cotyledons stage 1 
to stage 4. The highest level of expression is found at stage 4. Then it gradually decreased as the 
germinating cotyledons are advanced to the subsequent stages. RNA-Seq data has been 
normalized to reads per kilobase of gene model per million mapped reads (RPKM) values and 
we have made two replicates of each stage. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. A, NAC family transcription factor expression level measured by RNA-Seq during seedling 
development. B, YABBY transcription factor expression level measured by RNA-Seq during seedling 
development. The graph shows a conspicuous expression pattern for NAC and YABBY transcription 
factors during soybean seedling developmental stages. Their expression gradually increased from 
germinating cotyledons stage 1 to stage 4. The highest level of expression is found at stage 4. Then it 
gradually decreased as the germinating cotyledons are advanced to the subsequent stages. RNA-Seq data 
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Figure 3.2. Representative chromosomal view of soybean Chromosome 1 for NAC and YABBY 
transcription factor binding sites using Integrative Genomics Viewer (IGV) Genome browser. 
Red peaks indicate potential transcription factor binding sites in antibody treated ChIP-Seq 
library. Black peaks are for the control ChIP-Seq library. Genes and location of peaks are shown 
in blue color.  (a) Potential NAC transcription factor binding sites throughout the soybean 
chromosome 1. (b) Potential YABBY transcription factor binding sites along the soybean 
chromosome 1. 
 
 
 
 
 
 
 
 
Figure 3. Red peaks indicate potential transcription factor binding sites in antibody treated ChIP-Seq 
library. Black peaks are for the control ChIP-Seq library. Genes and location of peaks are shown in blue 
color. A, Potential NAC transcription factor binding sites throughout the soybean chromosome 1. B, 
Potential YABBY transcription factor binding sites along the soybean chromosome 1. 
b 
a 
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Figure 3.3. MACS model for ChIP-Seq tags of NAC and YABBY transcription factor using 
ChIP-Seq data. The red curve represents ChIP-Seq reads on the positive strand and the blue 
curve represents reads on the negative strand. The black curve illustrates the distribution of reads 
after shifting them towards 3’-end to get most likely protein-DNA interactions. (a) MACS 
software builds model for NAC transcription factor using the bimodal distribution of forward (+) 
and reverse (-) sequence tags. It calculates the estimated DNA fragment size, d =110 which is the 
distance between the peak in the forward and reverse strand. Then MACS shifts all the tags by 
d/2 = 55 bp towards the 3' ends. (b) Similarly MACS builds peak model for YABBY 
transcription factor. The estimated DNA fragment size, d =104 and MACS shifts all the tags by 
d/2 = 52 bp towards the 3' ends to get most likely TF-DNA interactions. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. The red curve represents ChIP-Seq reads on the positive strand and the blue curve represents 
reads on the negative strand. The black curve illustrates the distribution of reads after shifting them 
towards 3’-end to get most likely protein-DNA interactions. A, MACS software builds model for NAC 
transcription factor using the bimodal distribution of forward (+) and reverse (-) sequence tags. It 
calculates the estimated DNA fragment size, d =110 which is the distance between the peak in the 
forward and reverse strand. Then MACS shifts all the tags by d/2 = 55 bp towards the 3' ends. Similarly, 
B, MACS builds peak model for YABBY transcription factor. The estimated DNA fragment size, d =104 
and MACS s ifts all the tags by d/2 = 52 bp towards the 3' ends to get most likely TF-DNA interactions. 
a                  b 
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Figure 3.4. Overview of NAC and YABBY transcription factor binding sites. The genomic 
locations of peaks detected by ChIP-Seq were initially categorized into two classes, intergenic or 
gene model associated peaks. (a) The pie chart shows the distribution of ChIP-Seq peaks for 
NAC transcription factor binding sites associated with the gene models. (b)  The pie chart shows 
the distribution of ChIP-Seq peaks for YABBY transcription factor binding sites associated with 
the gene models. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig  5. The genomic locations of peaks detected by ChIP-Seq were initially categorized into two 
classes, interg nic or gene model associated peaks. A, The pie chart shows he distribution of ChIP-Seq 
peaks for NAC transcription factor binding sites associated with the gene models. B, The pie chart shows 
the distribution of ChIP-Seq peaks for YABBY transcription factor binding sites associated with the gene 
models. 
 
 
a b 
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Figure 3.5. NAC and YABBY Binding sites are highly enriched in the promoter region. The 
distance between transcription start sites and MACS peak summits for the gene model associated 
peaks were determined. In this figure, peaks found up to 1000 bp upstream of TSS and 2000 bp 
downstream of TSS were included.  (a) NAC binding sites are highly enriched in the promoter 
region.  (b) YABBY binding sites are highly enriched in the promoter region. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(a)  Identified peaks distance from transcription start sites for NAC  (b)    Identified peaks distance from transcription start sites for YABBY    
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Figure 3.6. Identified motifs for NAC and YABBY transcription factors using MEME. The 
logos (a-c) show the three commonly motifs identified for NAC transcription factor using 
MEME software. Similarly, the logos (d-f) show the three commonly found motifs for YABBY 
transcription factors.   
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Figure 3.7. Visualization of ChIP-Seq results for two representative NAC and YABBY 
regulated genes by Integrative Genomics Viewer (IGV). Red peaks indicate potential 
transcription factor binding sites in antibody treated ChIP-Seq library. Black peaks are for the 
control ChIP-Seq library. Genes and location of peaks are shown in blue color. The red arrow 
indicates the direction of transcription. (a) ChIP-Seq peaks for NAC transcription factor binding 
sites within DEAD/DEAH box helicase gene (Glyma07g07950) promoter.  (b) ChIP-Seq peaks 
for YABBY transcription factor binding sites within AP2 gene (Glyma02g08840) promoter. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(a) ChIP-Seq peaks for NAC transcription factor binding sites within DEAD/DEAH box 
helicase gene (Glyma07g07950) promoter. 
 
 
(b) ChIP-Seq peaks for YABBY transcription factor binding sites within AP2 gene 
(Glyma02g08840) promoter. 
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Table 3.1. RNA-Seq Reveals the differential expression of two transcription factors (TF) in germinating 
cotyledons 
 
 
 
R denotes replicates. There are two replicates (R1 and R2) for each developmental stage. S denotes Stage 
and there are 7 different developmental stages designated by S (1-7) which have been shown in Figure 1.1. 
Expression levels of transcripts are shown in RPKM (reads per kilobase of gene model per million 
mapped reads). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
    RPKM     
Gene Model (R ) S-1 S-2 S-3 S-4 S-5 S-6 S-7 Annotation 
         
Glyma12g04380.1 (R1) 26.8 82.5 103 129 85.9 49.0 39.6 NAC Transcription Factor 
Glyma12g04380.1 (R2) 73.8 91.8 102 99.1 71.3 27.2 31.8 NAC Transcription Factor 
         
Glyma11g12170.1 (R1) 41.1 99.7 121 149 97.6 56.2 46.7 NAC Transcription Factor 
Glyma11g12170.1 (R2) 90.9 111 124 111 88.7 32.7 37.2 NAC Transcription Factor 
         
Glyma13g22620.1 (R1) 1.2 11.6 21.9 35.7 26.5 17.9 12.7 YABBY Transcription Factor 
Glyma13g22620.1 (R2) 8.8 17.6 18.4 36.5 27.5 14.3 13.8 YABBY Transcription Factor 
         
Glyma17g12200.1 (R1) 1.67 16.3 29.3 45.2 29.8 21.0 15.4 YABBY Transcription Factor 
Glyma17g12200.1 (R2) 13.0 26.4 28.9 50.1 38.7 16.9 17.7 YABBY Transcription Factor 
58 
 
Table 3.2. Synthetic peptides used to develop antibody against YABBY and NAC Transcription Factor. 
TF name Gene Model Amino Acid position Sequence of synthetic peptides 
Used for antibody production 
NAC Glyma12g04380.1a 
Glyma11g12170.1 
13-26 VRTGGKGTMRRKKK 
YABBY Glyma13g22620.1 
Glyma17g12200.1 
99-112 TEERVVNRPPEKRQ 
 
All the antibodies are produced by GenScript Corporation. They used James and Wolf (JW) prediction 
algorithm to design synthetic peptides for the production of antibody against YABBY and NAC 
transcription factor. 
aUsed for single amino acid difference between Glyma12g04380.1 and synthetic peptide at amino acid 
position 21 where Valine was replaced with Methionine (M).  
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Table 3.3. Summary of ChIP-Seq reads from four different libraries matched to the soybean genome 
 
TF Name Condition Raw Reads Genome Matched Reads 
NAC TF Control 21548771 12017023 
 Antibody treated 34605365 16780531 
YABBY TF Control 95047026 35218772 
 Antibody treated 86685886 36005776 
 
Sequencing of ChIP-Seq libraries produces raw read counts which were aligned to the soybean genome 
using ultrafast Bowtie aligner to get the number of genome matched reads. The experiment was 
conducted in two conditions, control library or antibody treated library. 
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Table 3.4. Summary of output for ChIP-Seq data analysis using MACS  
 
TF Name Detected Peaks Peaks in Intergenic  Region Peaks associated with genes 
NAC TF 8246 4743 3503 
YABBY TF 18064 12430 5634 
 
 
Using Bowtie alignments for both control and experimental conditions were analyzed using MACS 
software to detect peaks for the potential binding sites. The genomic locations of these peaks were 
identified using a custom made Python programing script. 
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Table 3.5. Discovery of motifs by MEME and their matches to known JASPAR CORE plant 
Transcription Factor Binding Site database 
 
TF Name Motifs Sequence Matched to known motif 
NAC Motif1 G[AT]G[AG]G[AG]GA Zinc Finger 
Motif2 C[AC]C[GA][TC][GA]CC Leucine Zipper 
Motif3 TGGGCC Leucine Zipper 
YABBY  Motif1 CC[CA][TC]C[TA][CT]C Zinc Finger 
Motif2 GA[AG]AGAAA Zinc Finger 
Motif3 CCCCAC AP2 MBD-like 
 
 
Motifs: Short DNA sequences for TFs binding. These motifs were discovered by MEME software. 
ChIP-Seq tags which fall in the promoter region have been identified. For promoter associated peaks, 250 
bp sequences from both sides of peak summits have been retrieved.  These 500 bp sequences for 
associated Glyma models were given as input in MEME software to identify common motifs. 
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Table 3.6. ChIP-Seq and RNA-Seq data reveals genes potentially regulated by NAC transcription factor  
 
 
Binding motif number refer to those listed in Table 3.5 .  P-values were calculated by the DESeq package 
using the hit number from RNA-Seq libraries.  
 
Gene Model Motif 
Stage 3   Stage 6 
       (RPKM) Regulation P-Val Annotation 
Glyma01g00980.1 Motif1 7.7 2.1 Down 0.0013 RNA polymerase Rpb2 
Glyma01g38630.1 Motif1 2.2 0.15 Down 1.23E-18 Cytochrome P450 
Glyma01g42840.1 Motif3 8.5 10.7 Up 0.00032 Glutathione peroxidase 
Glyma02g06730.1 Motif3 12.9 5.5 Down 0.01164 Homeobox associated protein 
Glyma02g37130.1 Motif2,3 0.17 0.45 Up 0.00182  VQ motif containing protein 
Glyma02g42990.1 Motif2 25.9 1.4 Down 9.27E-15  Polyketide cyclase / dehydrase 
Glyma02g45000.1 Motif3 11.8 4.4 Down 0.01031 SNF2 family protein 
Glyma03g05190.1 Motif2 2.8 0.23 Down 3.37E-07  Ferroportin1 (FPN1) 
Glyma04g08540.1 Motif2 14.9 1.7 Down 9.49E-11 RBD domain containing protein 
Glyma04g13490.1 Motif1 31.8 74.6 Up 1.79E-06 Pectin methylesterase inhibitor 
Glyma06g02640.1 Motif1 5.4 1.1 Down 1.79E-08 No Functional Annotation 
Glyma06g03070.1 Motif1 20.4 9.02 Down 0.03693 Transcription initiation factor IIF 
Glyma06g16700.1 Motif1 19.9 30.7 Up 0.00936 GTP-binding protein 
Glyma07g04690.1 Motif1 12.8 4.6 Down 0.00608 No Functional Annotation 
Glyma07g05700.2 Motif1 6.2 27.5 Up 6.42E-12 No Functional Annotation 
Glyma07g06660.1 Motif1 75.8 352 Up 2.01E-17 No Functional Annotation 
Glyma07g07950.1 Motif3 16.3 6.8 Down 0.04714  DEAD/DEAH box helicase 
Glyma07g38880.1 Motif2 10.8 2.1 Down 6.23E-05 Adenosine/AMP deaminase 
Glyma08g23850.1 Motif3 20.4 3.8 Down 0.0001 RBD domain containing protein 
Glyma10g32120.1 Motif1 1.1 0.21 Down 2.42E-07 No Functional Annotation 
Glyma12g09540.1 Motif1 9.2 3.2 Down 0.01295  Sec23/Sec24 zinc finger protein 
Glyma13g27730.1 Motif3 3.8 36.8 Up 6.69E-18 No Functional Annotation 
Glyma13g42330.1 Motif3 315 1129 Up 8.19E-13 Lipoxygenase 
Glyma15g18640.1 Motif1 10.7 6.4 Down 4.28E-06 No Functional Annotation 
Glyma16g05210.1 Motif1 3.4 1.2 Down 0.02271 SET domain containing protein 
Glyma16g27900.3 Motif1 1.1 0.01 Down 3.73E-09 No Functional Annotation 
Glyma19g02030.1 Motif2 1.7 3.5 Up 0.00195  Phosphoglucose isomerase 
Glyma19g42490.1 Motif1 1.6 0.31 Up 1.55E-07 No Functional Annotation 
Glyma20g24810.1 Motif1 9.4 0.06 Down 5.66E-41 Cytochrome P450 
Glyma20g27710.1 Motif2 0.97 0.37 Down 0.00576 Protein tyrosine kinase 
Glyma20g28640.1 Motif1 46.9 8.5 Down 9.98E-09 Cupin domain containing protein 
63 
 
Table 3.7. ChIP-Seq and RNA-Seq data reveals genes potentially regulated by YABBY transcription 
factor.  
 
Gene Model Motif 
Stage 3  Stage 6 
       (RPKM) Regulation P-Val Annotation 
Glyma01g03500.1 Motif2 1.4 4.05 Up 0.000246  Kelch motif containing protein 
Glyma01g05750.1 Motif2 21.2 9.3 Down 0.014209 GDA1 nucleoside phosphatase 
Glyma01g34490.1 Motif2 1.6 0.08 Down 4.41E-06 HSF-type DNA-binding protein 
Glyma02g03890.1 Motif1,3 4.1 0.22 Down 2.69E-15 Beta-catenin repeat protein 
Glyma02g08840.1 Motif1 22.8 3.08 Down 6.59E-13 AP2 transcription factor 
Glyma02g35550.1 Motif2 1.7 4.5 Up 3.00E-07 Protein tyrosine kinase 
Glyma03g39930.1 Motif3 14.6 8.2 Down 0.042524 Signal peptidase 
Glyma04g33270.1 Motif2 0.70 0.13 Down 0.030654 No apical meristem protein 
Glyma05g36070.1 Motif1 4.7 1.8 Down 0.000671 GCC family protein 
Glyma06g13910.1 Motif2 1.07 2.1 Up 0.00103 Auxin responsive protein 
Glyma07g18350.1 Motif1 10.1 2.07 Down 0.000109 Fatty acid desaturase 
Glyma08g19270.1 Motif3 21.3 6.01 Down 0.000737 Protein tyrosine kinase 
Glyma10g38770.1 Motif3 0.66 2.4 Up 1.69E-11 PAZ domain containing protein 
Glyma11g04900.1 Motif2 4.6 1.8 Down 0.020018 Leucine Rich Repeat protein 
Glyma11g04950.1 Motif2 2.8 0.44 Down 0.009353 ACT domain containing protein 
Glyma11g05920.1 Motif1 9.2 2.7 Down 0.000165 HLH DNA-binding protein 
Glyma12g32590.1 Motif1 0.38 4.5 Up 2.05E-14 No Functional Annotation 
Glyma12g32690.1 Motif1 49.4 0.9 Down 1.50E-36 No Functional Annotation 
Glyma13g00380.1 Motif3 10.1 1.4 Down 3.36E-06 WRKY transcription factor 
Glyma13g00840.1 Motif1 18.3 2.8 Down 6.31E-11 E1-E2 ATPase 
Glyma13g28450.1 Motif1 5.9 1.5 Down 2.03E-08 Sugar transporter 
Glyma13g31010.1 Motif2 15.1 0.50 Down 4.31E-25 AP2 transcription factor 
Glyma14g36810.1 Motif2 1.6 3.4 Up 7.07E-05 Legume lectin protein 
Glyma15g13830.1 Motif3 38.1 13.8 Down 3.10E-05 GTPase of unknown function 
Glyma18g02280.3 Motif3 1.3 4.2 Up 0.000148 No Functional Annotation 
Glyma18g42700.1 Motif2 3.9 0.08 Down 2.26E-15 Protein tyrosine kinase 
Glyma19g32880.1 Motif1 11.8 0.72 Down 7.91E-23 Cytochrome P450 
Glyma20g03420.1 Motif2 8.06 2.3 Down 7.47E-06 GC-rich DNA-binding protein 
Glyma20g04490.1 Motif2 17.6 16.5 Down 0.016291 lipoprotein A (RlpA)-like protein 
Glyma20g24990.2 Motif2 54.5 128.6 Up 2.88E-06 No Functional Annotation 
 
 
Binding motif number refer to those listed in Table 3.5 .  P-values were calculated by the DESeq package 
using the hit number from RNA-Seq libraries. 
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CHAPTER 4 
 
IDENTIFICATION OF MIRNA TARGETS USING DEGRADOME SEQUENCING TO 
STUDY POST-TRANSCRIPTIONAL REGULATION DURING SOYBEAN SEED 
DEVELOPMENT 
 
INTRODUCTION 
 
MicroRNAs (miRNAs) are endogenous noncoding small RNAs which regulate gene 
expression at the post-transcriptional level.  The miRNA mediated gene regulation is one of the 
most conserved and well characterized gene regulatory mechanisms.  It is important for growth, 
development, stress responses and other biological processes (Jones-Rhoades et al., 2006; Axtell 
and Bowman, 2008; Voinnet, 2009; Bartel et al., 2009). Therefore, the identification of miRNAs 
and their targets are very important for understanding the post-transcriptional regulation (Yang et 
al., 2007; Sunkar et al., 2008). In higher plants, miRNAs play significant roles in different 
developmental stages by regulating gene expression at transcriptional and post-transcriptional 
levels (Llave et al., 2002; Aukerman et al., 2003; Chen et al., 2005; Chuck et al., 2009; 
Lelandais-Brie et al., 2010).   
Most plant miRNAs bind their mRNA targets and cleave precisely between the tenth and 
eleventh nucleotides (nt) from the 5’ end of the miRNA. Consequently, the 3’ fragment of the 
target mRNA possesses a monophosphate at its 5’ end. The miRNA targets are validated using 
this important property (Llave et al., 2002). One of the critical steps is the isolation of mRNA 
fragments which are cleaved miRNAs.  A major limitation of this procedure is that every single 
predicted gene has to be verified separately. Recently developed high-throughput sequencing 
techniques, known as degradome analysis or PARE (parallel analysis of RNA ends) that can 
globally identify miRNA targets (Addo-Quaye et al., 2008; German et al., 2008). 
 
 
______________________________________________________________________________ 
3The data from this chapter has been published as the article entitled “Identification of soybean seed developmental 
stage-specific and tissue-specific miRNA targets by degradome sequencing” by Shamimuzzaman and Vodkin, BMC 
Genomics (2012) 13: 310. 
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Soybean is one of the most important crops cultivated all over the world. It is a good 
source of vegetable protein and oil. However, the role of miRNAs in soybean seed development 
is mostly unknown. So it is important to identify the seed developmental stage-specific and 
tissues-specific miRNAs and their potential target genes. Identification of the consequences of 
miRNA-guided target degradation that occurs in a developmental and tissue specific manner 
could help to elucidate how lipid and protein metabolic pathways operated during seed 
development. The soybean genome (cv. Williams82) was decoded a year ago (Schmutz et al., 
2010), and this information has accelerated molecular research on soybeans. Although many 
soybean miRNAs were identified in previous research (Subramanian et al., 2008; Chen et al., 
2009; Wang et al., 2009; Joshi et al., 2010; Kulcheski et al., 2011), the number of miRNAs 
known in soybean is still very small and considerably lower than that in Arabidopsis or rice. 
High-throughput sequencing technologies such as massively parallel signature sequencing 
(MPSS), 454 and sequencing-by-synthesis (SBS) have enabled the identification of miRNAs in 
soybean. The extent of miRNA-directed post-transcriptional gene regulation in any organism can 
only be fully realized by identifying not only the miRNA component but also the set of their 
RNA targets. 
Recently, miRNA targets have been reported for one of the many stages of soybean seed 
development, namely very early at 15 days after flowering, and without dissection of the 
maternal seed coats from the cotyledons which develop from the zygote (Song et al., 2011). To 
comprehensively investigate small RNA targets and provide basic information for further 
understanding of the miRNA-mediated post-transcriptional regulation during different soybean 
seed developmental stages, we constructed five separate degradome libraries derived from seed 
coats and cotyledons of different developmental stages representing the early, mid, and late 
maturation stages of seed development. The libraries were sequenced using SBS sequencing 
technology. The degradome dataset for the five different libraries was computationally analyzed. 
The majority of these reads mapped to the soybean transcriptome. A total of 183 target genes 
were confirmed as miRNA targets, which included both conserved and non-conserved miRNAs. 
Additionally, we have identified targets for 25 cotyledon-specific miRNAs, as well as 12 
miRNAs and their potential targets found only in the seed coats. We found 16 miRNA families 
and their large number of targets that are found in both tissues. Moreover, we have validated 
Auxin Response Factors (ARFs) to be targets of gma-miR160, as verified by RNA ligase-
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mediated 5’ rapid amplification of cDNA ends (RLM 5’-RACE).  The identification of 
developmental stage-specific and tissue-specific miRNA targets including many transcription 
factors advance our understanding of the miRNA-mediated post-transcriptional gene regulation 
during soybean seed development. 
 
 
METHODS 
 
Plant Materials 
Soybean (Glycine max cv. Williams) plants were grown in a greenhouse and seeds were 
collected at different developmental stages including early maturation, green 25-50 mg fresh 
weight seed, mid- maturation green 100-200 mg, and late maturation yellow 300-400 mg fresh 
weight seed (Figure 1.2). Immediately, cotyledons and seed coats were separated by dissecting 
whole seeds and then frozen in liquid nitrogen. Subsequently the tissue was freeze dried and 
stored at -80˚C.  
 
RNA Extraction and Degradome Library Construction 
Total RNA was extracted from freeze dried cotyledons and seed coats using a modified 
McCarty method (McCarty et al., 1986) using phenol-chloroform extraction and lithium chloride 
precipitation. Approximately 200 μg of total RNA was used to select poly (A) RNA using the 
Oligotex mRNA mini kit (Qiagen). The degradome libraries were constructed as previously 
described (German et al., 2008; German et al., 2009). The oligonucleotide sequences used in the 
library preparation are presented in Table 4.1. Briefly, using T4 RNA ligase (Ambion), a 5’ RNA 
adapter (5’-GUUCAGAGUUCUACAGUCCGAC-3’, Dharmacon Inc.) was added to the 
cleavage products, which possess a free 5’-monophosphate at their 3’ termini. Then the ligated 
products were purified by Oligotex mRNA mini kit (Qiagen) and reverse transcribed using an 
oligo dT primer (5’-CGAGCACAGAATTAATACGACTTTTTTTTTTTTTTTTTTV-3’, 
Integrated DNA Technologies) via SuperScript II RT (Invitrogen). The generated cDNA was 
amplified for 6 cycles (94°C for 30 s, 60°C for 20 s, and 72°C for 3 min) with a pair of primers 
(forward,5´-GTTCAGAGTTCTACAGTCCGAC-3´and reverse, 5´-CGAGCACAGAATTAATA 
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CGACT-3´, Integrated DNA Technologies) using Phusion Taq (New England Biolabs). The 
PCR products were digested with restriction enzyme Mme I (NEB). Next, a double stranded 
DNA adapter (top 5’-p-TGGAATTCTCGGGTGCCAAGG-3’, bottom 5’ –CCTT GGCACCC 
GAGAATTCCANN-3’, Integrated DNA Technologies) was ligated to the digested products 
using T4 DNA ligase (Addo-Quaye et al., 2008). Then the ligated products were selected based 
on size by running 10% polyacrylamide gel. The  gel-purified products were used for the final 
PCR amplification (94°C for 30 s, 60°C for 20 s, and 72°C for 20 s) with primers (forward, 5’-
AATGATACGGCGACCACCGAGATCTACACGTTCAGAGTTCTACAGTCCGA-3’, reverse, 
5’-CAAGCAGAAGACGGCATACGAGATCGTGATGTGACTGGAGTTCCTTGGCACCC 
GAGAATTCCA-3’, Integrated DNA Technologies) for 20 cycles. Finally, PCR products were 
gel purified and subjected to SBS sequencing by the Illumina HiSeq2000 at the Keck Center, 
University of Illinois at Urbana-Champaign. The complete protocol for the degradome 
sequencing is given in Appendix C. The sequencing data of the five degradome libraries are 
available under NCBI-GEO series accession no. GSE34433.   
 
Initial Processing and Analysis of Reads for Different Sequencing Libraries 
Degradome libraries were sequenced by the Illimuna HiSeq2000. The raw data were 
preprocessed to remove low quality reads and clip adapter sequences. Subsequently only 20-21 
nt sequences with high quality scores were collected for analysis. The ultrafast Bowtie aligner 
(Langmead et al., 2009) was used to map soybean degradome reads to the Phytozome Glycine 
max gene models (Goodstein et al., 2012). The distinct reads that perfectly matched soybean 
transcript sequences remained. The CleaveLand pipeline (Addo-Quaye et al., 2009) was used to 
find sliced miRNA targets using the Phytozome Glycine max gene models (Goodstein et al., 
2012) and all Glycine max miRBase, release 17 (Griffiths-Jones et al., 2006 and Griffiths-Jones 
et al., 2008) containing 207 mature miRNA sequences as input.  All alignments with scores up to 
7 and no mismatches at the cleavage site (between the tenth and eleventh nucleotides) were 
considered candidate targets. This analysis was performed separately for all five libraries. The 
identified targets were grouped into five categories based on the relative abundance of the 
degradome signatures at the miRNA target sites as determined by the program that indicates the 
abundance of the fragments mapping at the predicted miRNA target site relative to the 
abundance of fragments found at other sites.  In category 0, the most abundant tags are found at 
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the predicted site of miRNA guided cleavage and there was only one maximum on the transcript. 
If there was more than one abundant tag, it is indicated as category 1.  In category 2, the 
abundance of cleavage signatures was less than the maximum but higher than the median. It was 
grouped as category 3 when the abundance of cleavage signatures was equal to, or less than the 
median. Very low abundance signatures including only 1 read was categorized as category 4. 
 
RLM 5’-RACE 
For mapping the cleavage site within the miRNA target, a modified procedure for RNA 
ligase mediated (RLM-5’ RACE) was performed using the FirstChoice RLM-RACE Kit 
(Ambion). Total RNA was isolated from cotyledons and seed coats separately at different 
soybean seed developmental stages. Poly (A) + RNAs were purified using Oligotex mRNA mini 
kit (Qiagen). A 5’ RNA adaptor (5'-GCUGAUGGCGAUG AAUGAACACUGCGUUUGCUG 
GCUUUGAUGAAA- 3', Ambion RACE kit) was ligated to approximately 100 ng of mRNA 
using T4 RNA ligase. The ligated mRNAs were then reverse transcribed using oligo(dT) primer 
via M-MLV reverse transcriptase (Ambion). Two rounds of 5’ RACE reactions were performed 
with two nested primers (outer, 5'-GCTGATGGCGATGAATGAACACTG-3’; inner, 5'-
CGCGGATCCGAAC ACTGCGTTTGCTGGCTTTGATG-3’, Ambion) and two gene-specific 
outer and inner primers (Table 4.2). Subsequently PCR products were gel purified and sequenced. 
 
 
RESULTS 
 
Seed Developmental Stage-specific Library Construction, Sequencing and Sequence 
Analysis 
In higher plants, most miRNAs regulate their targets via cleavage, which normally occurs 
between the tenth and eleventh nucleotides of the complementary region between the miRNA 
and the mRNA target (Bartel, 2004). The 3’ cleavage fragments contain both a free 5’ 
monophosphate and a 3’ polyA tail. So, these cleavage products can be successfully ligated with 
RNA ligase, whereas full length cDNAs with a 5’ cap structure or other RNAs lacking the 5’ 
monophosphate group are not compatible for ligation (Llave et al., 2002) and thus will be 
unavailable for subsequent amplification and sequencing reactions.    
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Five different degradome libraries, which capture the cleaved mRNAs, were constructed 
from cotyledons and seed coats from different seed developmental stages.  These represented 
early maturation seed (25-50 mg fresh weight, green seed) and mid-maturation (100-200 mg 
fresh weight, green seed), the stages when the biosynthetic capacity of the seed is maximal and 
proteins and oils are accumulated at a high rate.  In addition, we constructed a library from the 
yellow cotyledons (300-400 mg fresh weight) that are undergoing dehydration and desiccation.  
SBS sequencing of these libraries produced raw reads from 10 million to 45 million 
(Table 4.3). After removal of low quality sequences and adapter removal, 95% of these reads 
lengths were 20 or 21 nt in length as expected from the cloning procedure. More than 97% of 
reads mapped to the soybean genome available at the Phytozome data base (Goodstein et al., 
2012). We also used the computationally predicted cDNA transcripts from the soybean genome 
sequence consisting of 78,773 high and low confidence gene models (Glyma models) for 
mapping degradome reads and found that more than 95% of reads matched to the Glyma models.  
These data indicate our degradome libraries to be of high quality and efficiency in recovering 
degraded mRNA targets that should contain the sequence profile resulting from miRNA directed 
cleavage.    
 
Systematic Identification of miRNA Targets in Soybean 
Systematic identification of miRNA targets was accomplished using previously described 
methods by analyzing the 20 and 21 nt reads with the CleaveLand pipeline for miRNA target 
identification (Addo-Quaye et al., 2009) using all Glycine max miRNAs from miRBase 
(Griffiths-Jones et al., 2006 and Griffiths-Jones et al., 2008). The identified targets were grouped 
into five categories by the program based on the relative abundance of the number of reads 
mapping to the predicted miRNA target site relative to other sites in the gene model (see 
Methods for details). Those in category 0 clearly have the majority of tags located at the 
miRNA-guided cleavage site.  
The identified miRNA targets using degradome sequencing are presented in the form of 
target plots (t-plots) that plot the abundance of the signatures relative to their position in the 
transcript (German et al., 2008). Representative t-plots are shown, one from each of four 
different degradome libraries such as cotyledon (25-50 mg), seed coat (25-50 mg), cotyledon 
(100-200 mg) and seed coat (100-200 mg) (Figure 4.1).  In each of the four Glyma models, a 
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clear peak for the absolute number of tags is found at the predicted cleavage site for gma-
miR159, gma-miR4406, gma-miR167, or gma-miR164.    
The location of the cleavage site within the target gene is another important aspect of 
miRNA-mediated gene silencing. In soybean, the cleavage site of the miRNA was usually 
located in the CDS (coding sequence) of the target genes (Tables 4.4-4.6 and supplementary files 
in Shamimuzzaman and Vodkin, 2012). Since the soybean genome at Phytozome (Goodstein et 
al., 2012) used computational predictions of gene models (known as Glyma models), some are 
likely deficient at the 5’ and 3’ UTRs (untranslated regions). Due to the some gene models being 
incomplete in the UTRs, there are likely other genes targeted by miRNA-guided cleavage in the 
UTR regions that may not be detected in our alignment analyses.  In addition, miRNAs that 
function through translational repression, as opposed to cleavage of the target mRNA, will also 
not be identified by degradome or PARE sequencing techniques.   
The full complement of targets found in each of the five degradome libraries is presented 
in supplementary files in Shamimuzzaman and Vodkin, 2012.  In total, 183 targets representing 
53 different miRNAs families were identified.  Of those 133 targets were found representing the 
putative action of 16 different miRNAs in common between both tissues.  Table 4.4 presents a 
subset of those that are found in at least one stage of development for both seed coats and 
cotyledons.  The CleaveLand program predicts any gene family members that have a splice site 
matching the degradome data.  Some miRNA family members residing at different genomic 
locations have very similar, if not identical mature miRNA sequences. Thus, the predictions from 
analysis of degradome data do not necessarily mean that the particular miRNA family member 
revealed from degradome data is the one expressed in that tissue. Direct sequencing of the small 
RNA population is required to verify the presence of a particular gene family member. 
Inspection of small RNA sequencing data from seed coats and cotyledons of Williams (Tuteja 
etal., 2009) shows the presence of various miRNA family members for gma-miR156, 159, 160, 
164, 166, and 167, thus confirming that these miRNAs are present during seed development.   
 
Identification of miRNA Targets Specific to Seed Coat or Cotyledons during Seed 
Development 
Tissue specific miRNA and target identification is very important for understanding the 
regulation of gene expression in a spatial manner.  In this study, we constructed cotyledon and 
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seed coat libraries separately to identify miRNA targets both at younger (25-50 mg fresh weight 
seed) and older stages (100-200 mg and 300-400 mg fresh weight seed) of soybean seed 
development. Tissue specific siRNAs generated from a cluster of inverted repeat chalcone 
synthase (CHS) genes that downregulate CHS mRNAs and lead to lack of pigment on soybean 
seed coats have been described (Tuteja et al., 2009; Kurauchia et al., 2011), but very little is 
known about the miRNAs and their targets in developing seed tissues. We analyzed the 
degradome data from seed coats versus cotyledons and identified 25 miRNAs and their 32 
different targets that were found only in the cotyledons and not the seed coats (Table 4.5).   
Likewise, 12 miRNAs and their 18 targets are associated with the seed coats only (Table 4.6).   
 
Validation of miRNA Targets 
We report here that many targets were captured by the degradome analysis, which 
provided experimental evidence to support previous computational predictions. Because of its 
polyploid genome, many soybean genes are present in multiple copies. As a result, some of the 
reads align to multiple members of the same gene family. To further confirm the degradome data 
for some of the family members, a RLM-5’ RACE experiment was performed to examine which 
family members were targeted by the miRNA for degradation. For gma-miR160 in the cotyledon 
(100-200 mg) degradome library (Table 4.4 and supplementary files in Shamimuzzaman and 
Vodkin, 2012), we have identified five targets annotated as Auxin Response Factors (ARFs). 
Four of the five, namely Glyma12g08110.1, Glyma12g29720.1, Glyma14g33730.1 and 
Glyma11g20490.1, were also verified by RLM-5’RACE to be subjected to cleavage guided by 
gma-miR160 (Figure 4.2). 
 
GO Analysis of miRNA Target Genes in Soybean Seed Developmental Stages 
The identified targets for miRNAs in the three cotyledon degradome libraries were 
classified by their gene ontology (GO) using the AgriGO toolkit (Du et al., 2010) (Figure 4.3).  
Higher percentages of these targets were found to be involved in developmental, reproductive, 
and regulatory and metabolic processes with respect to their proportions within the GO 
classification of all soybean cDNAs. The same general pattern is found for the targets predicted 
with the seed coats (supplementary files in Shamimuzzaman and Vodkin, 2012). The enrichment 
of the genes involved in developmental and regulatory processes may be consistent with the fact 
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that the degradome libraries were constructed from different stages of developing soybean seeds. 
For the developing seeds, it is of utmost important to accumulate proteins and lipids that are 
subsequently used as the source of energy and amino acids for the germinating seedling. The 
corresponding miRNAs may regulate the expression of these target genes during different seed 
developmental stages in soybean through affecting various transcription factors that induce or 
shut off specific metabolic networks during the course of seed development.  Interestingly, we 
identified more miRNA targets in the cotyledons of late seed maturation than earlier stages with 
a total of 92 different targets in the 300-400 desiccating, yellow seeds compared to 60 and 53 
total in the early and mid-maturation, immature green seed respectively. 
 
 
DISCUSSION 
 
Regulation of gene expression by miRNAs has been comprehensively investigated in 
animals and plants (Reinhart et al., 2002; Rhoades et al., 2002; Bartel, 2004; Axtell et al., 2008; 
Voinnet et al., 2009). In the case of higher plants, Arabidopsis and rice miRNA targets have been 
widely studied by high throughput sequencing (Addo-Quaye et al., 2008; Sunkar et al., 2008; Li 
et al., 2010; Zhou et al., 2010). Soybean is a polyploid crop plant having a complex and large 
genome compared to Arabidopsis and rice. The number of identified miRNAs and their potential 
targets in soybean is limited.  To date, degradome sequencing has been reported for only one 
soybean tissue, namely the very young whole seed extracted 15 days after flowering from the 
cultivar Heinong44 (Song et al., 2011).  In order to study the regulation of gene expression 
during soybean seed development, we constructed and sequenced five distinct degradome 
libraries using cotyledons and seed coats as a tissue source from different seed developmental 
stages of the cultivar Williams. The seed coat is primarily maternal tissue while the cotyledons 
represent the embryo of the next generation.  Both tissues have the same genotype in inbred 
soybean lines.   
After computational analysis using the Cleaveland pipeline (Addo-Quaye et al., 2008), 
we identified a total of 183 potential targets of 53 miRNA families in five different seed 
developmental stage specific degradome libraries. Subsequent analysis and identification of 
cotyledon and seed coat specific miRNAs and their targets give us a better understanding of the 
73 
 
regulation of gene expression in a spatial manner during soybean seed development at later 
stages of seed development in a widely used Maturity Group III cultivar “Williams”.  The 
soybean genome sequence and predicted gene models used in this study are derived from a 
closely related isoline Williams82 (Schmutz et al., 2010).  Validation of four Auxin Response 
Factor (ARF) genes as targets of gma-miR160 indicates degradome sequencing as an efficient 
strategy to identify miRNA targets in plants.   
Comparison of the data in our report with the first soybean degradome data reported by 
another group (Song et al., 2011) from a very early stage of soybean seed development in the 
cultivar Heinong44 revealed a number of miRNA targets in common among the data sets 
including many transcription factors such as ARF, MYB, TCP, NF-Y, Growth Regulatory Factor, 
HD-ZIP, PPR, SBP and NAC family protein.  In contrast, we found some other miRNA targets 
such as Permease family protein, LRR domain containing protein, transmembrane protein 14C, 
Serine-Threonine kinase, BRE expressed protein and transcription factor TFIID only in our 
degradome libraries that represented later stages of seed development of the cultivar Williams.  
Overall there were 65 Glyma model targets in common between both of the data sets, 80 found 
only in the Heinong44 data set, and 118 found only in the Williams data sets. 
The 183 identified targets from our degradome analyses belonged to 57 different 
annotation groupings (supplementary files in Shamimuzzaman and Vodkin, 2012).  Comparing 
those to the Song et al. paper, 11 annotation groups are in common, 18 are unique to the 
Heinong44 very young seed, and 46 are unique to the five libraries of the Williams data sets 
(Table 4.7). Many of the identified soybean miRNA targets belong to diverse gene families of 
transcription factors such as ARFs, MYBs, TCPs, NACs, HD-ZIPs and NF-Y subunits (Tables 
4.4-4.6 and supplementary files in Shamimuzzaman and Vodkin, 2012). Many of these 
transcription factors are known to regulate diverse aspects of plant growth and development. 
Patterning and outgrowth of lateral organs in plants depend on the expression of HD-ZIP 
transcription factors that specify adaxial/upper cell fate (Emery et al., 2003; Côté et al., 2010). 
We identified a number of HD-ZIP transcription factors as targets for gma-miR166 in our 
degradome libraries. MYB family members in rice, which are targeted by miR159, appear to 
play an important role in response to the presence of abscisic acid (ABA) during plant embryonic 
development, suggesting their roles in seed development (Aldridge et al., 1993; Rayes et al., 
2009). In this study, we detected a number of MYB family transcription factors regulated by 
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gma-miR159 (supplementary files in Shamimuzzaman and Vodkin, 2012).  The gma-miRNA156 
family members target sites in numerous proteins containing the Squamosa Promoter Binding 
(SBP) domain. SBP and SBP-LIKE (SPLs) proteins play multiple roles in plant development 
(Zhang et al., 2008; Martin et al., 2010). In Arabidopsis, rice and in some other plants, miR156 
regulates leaf development by targeting Squamosa-Promoter Binding protein-like (SBP) 
transcription factors (Rhoades et al. 2002; Zhang et al. 2008). The identification of SBP as a 
target of gma-miR160 may indicate the additional level of regulation for SBP during soybean 
seed development.  
Our analyses of the early, mid and late maturation developmental stages of soybean show 
a number of targets similar to those found by another group (Song et al., 2011) in the very young 
seeds of the cultivar Heinong44 including the SPB transcription factors.  One notable difference 
was the absence in our degradome data of miRNA172 targets which include members of the AP2 
transcription factor family.  From inspection of sequenced small RNA populations from the 50-
75 mg seed coats and cotyledons of Williams (Tuteja et al., 2009), we find only a few 
occurrences of the miR172 family (less than 30 occurrences per million reads) while some 
family members of the miR156 family are highly abundant (99,000 per million) in the 
cotyledons.  We speculate that miR172 and/or its targets may be more abundant in the very 
young seed used by the Song et al group (Song et al., 2011) and not prevalent in the mid-
maturation seed that we have examined.  In Arabidopsis, miR172 has been reported to be 
involved in the regulation of flowering time and floral development (Martin et al., 2010). 
Alternatively, the AP2 factors may not be detected as targets in the degradome data if 
translational repression by miR172 is operative as has been shown in Arabidopsis flower 
development (Chen et al., 2004).  Nuclear Factor Y (NF-Y) was shown to control a variety of 
agronomically important traits, including drought tolerance, flowering time, and seed 
development (Cao et al., 2011). We detected seven NF transcription factor YA subunit mRNAs 
specifically in seed coats that are targets of miR169 family members that occur in both seed 
coats and cotyledons (supplementary files in Shamimuzzaman and Vodkin, 2012).  These targets 
may indicate some specific regulation of NF-YA transcription factors during soybean seed 
development. 
To obtain a deeper understanding of soybean seed development, we investigated tissue 
specific miRNA target identification in the cotyledons and seed coats at different seed 
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developmental stages. Based on the degradome data, we identified some miRNAs that may act 
differentially in the cotyledons versus the seed coats to degrade their targets (Tables 4.5 and 4.6).  
F-box proteins involved in auxin-stimulated protein degradation (TIR1-like) were among the 
identified targets specifically found in soybean cotyledon (Table 4.5). The LRR kinases have 
been reported to play important roles in plant development and brassinosteroid and ABA 
signaling (Zhang et al., 2006). We identified several LRR domain containing proteins as targets 
for gma-miR393, gma-miR1523 and gma-miR2109 (Tables 4.4-4.6). The presence of these 
miRNA targets implies their regulation during soybean seed development. As a storage organ, 
the soybean seed contains significant amounts of lipid and protein. Thus the regulation of energy 
metabolism is very important during seed development. We identified a number of targets in the 
soybean cotyledon such as NADP/FAD oxidoreductase, ribose-5-phosphate isomerase, GTPase 
activating proteins and ferredoxin related proteins which are related to energy metabolism. Both 
in the soybean cotyledon and seed coat, we found pentatricopeptide repeat (PPR) proteins as 
targets of miR1520 (Table 4.4 and supplementary files in Shamimuzzaman and Vodkin, 2012) 
which regulates gene expression in the mitochondria and chloroplasts (Andrés et al., 2007; 
Schmitz-Linneweber et al., 2008). Since we constructed our degradome libraries using 
cotyledons and seed coats from different seed developmental stages, we identified targets of 
miRNAs during a broad range of soybean seed development. 
Auxin is an important phytohormone in higher plants.  It acts as a key player in plant 
development (Rubio-Somoza et al., 2009). As the transducer of auxin signaling, ARFs play vital 
roles in plant development, including shoot, root and flower formation (Wang et al., 2005; Wang 
et al., 2007). In Arabidopsis, miR160 and miR167 are involved in auxin signaling via regulation 
of ARF genes (Jones-Rhoades et al., 2006). In rice, a number of ARF encoding genes have been 
identified which are regulated by osa-miR160 and osa-miR167, respectively (Li et al., 2010; 
Zhou et al., 2010). In our study, we identified a large number of ARF genes as targets for 
different miRNAs such as gma-miR160 and miR167. In the cotyledon (100-200 mg) degradome 
library (supplementary files in Shamimuzzaman and Vodkin, 2012), we identified five targets 
annotated as Auxin Response Factors (ARFs) for gma-miR160, and four of these, 
Glyma12g08110.1, Glyma12g29720.1, Glyma14g33730.1 and Glyma11g20490.1, were validated 
by RLM-5’RACE showing precise cleavage as expected (Figure 4.2). These results suggested 
that gma-miR160 could participate in auxin signaling via down-regulation of ARFs during 
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soybean seed developmental stages.  The cleaved mRNAs captured by the degradome procedure 
indicate that the levels of the ARF mRNA targets are likely to be decreased, but qRTPCR or 
RNA sequencing data would be needed to directly confirm the effect on mRNA levels for a 
particular ARF target gene.   
In our degradome libraries, miRNA targets are involved in major transitions between 
each stage of seed development and transcription factors account for approximately half of these 
targets. Of 183 identified targets in our soybean degradome libraries, GO analysis for biological 
function indicates that these genes are mainly involved in developmental and metabolic 
processes (Figure 4.3). Enrichment of developmentally related genes as target miRNAs suggests 
the high level of regulation of gene expression during soybean seed development. The larger 
number of targets found in the 300-400 mg desiccating, yellow cotyledons of late maturation 
implies that post-transcriptional regulation by miRNAs may aid in shifting the developmental 
program of the immature soybean cotyledons from biosynthesis of storage reserves to a catabolic 
role in utilization of those reserves during seed germination and growth.  The miRNA targets 
verified by degradome sequencing will provide useful information for understanding and 
revealing significant roles of miRNAs during soybean seed development. 
In summary, degradome sequencing is a valuable tool for the experimental confirmation 
of miRNA targets in higher plants. This method can reveal additional targets which are difficult 
to identify by computational prediction alone and confirm that the targets genes have been 
cleaved in specific tissues.  Five degradome libraries from three different developmental stages 
identified 183 miRNA targets. Identification of soybean seed coat and cotyledon specific 
miRNA targets gives better understanding of tissue specific miRNA targets during seed 
development. The current study has confirmed a large set of targets that are subjected to miRNA 
guided degradation including many transcription factors and a surprisingly large number of 
targets in the late stages of cotyledon development. The data provides an avenue to explore more 
details about developmental stage specific miRNA targets that play critical roles in each of the 
important tissues during seed development. 
 
 
 
 
77 
 
FIGURES AND TABLES 
 
 
Figure 4.1. Target plots (t-plots) of identified miRNA targets using degradome sequencing. 
Representative t-plots (a-d) are shown, one from each of four different libraries of the cotyledon (25–
50 mg fresh weight range), seed coat (25–50 mg), cotyledon (100–200 mg) and seed coat (100–200 mg). 
Red arrows indicate signatures consistent with miRNA-directed cleavage. mRNA:miRNA alignments 
along with the detected cleavage frequencies (absolute numbers) are shown above the black arrow.  
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Figure 4.2. Validation of Auxin Response Factors (ARFs) regulated by gma-miR160 in cotyledon. 
Confirmed targets (a-d) for gma-miR160 are presented in the form of target plots (t-plot) and alignments. 
Absolute numbers of signature sequences are indicated in the t-plot. Red arrows indicate signatures 
consistent with miRNA-directed cleavage. The black arrows indicate a site verified by RLM 5’-RACE 
and detected cleavage frequencies (absolute numbers) are shown above the arrow. The cleavage site is 
shown as a red letter. Cleavage frequency as determined by gene-specific 5’-RACE at the indicated 
position is shown in parenthesis.  
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Figure 4.3. GO analysis of miRNA target genes identified in cotyledons in different soybean seed 
developmental stages. Green bars indicate the enrichment of miRNA targets in GO terms. Blue bars 
indicate the percentage of total annotated soybean genes mapping to GO terms. Only the predicted target 
genes for miRNAs identified by degradome sequencing were considered.  
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Table 4.1. Oligonucleotides used in degradome library preparation 
Oligonucleotide Sequence (5'-3') 
5'-RNA adapter GUUCAGAGUUCUACAGUCCGAC 
Oligo dT primer CGAGCACAGAATTAATACGACTTTTTTTTTTTTTTTTTTV 
5'-Adapter primer GTTCAGAGTTCTACAGTCCGAC 
3'-Adapter primer CGAGCACAGAATTAATACGACT 
Top of double strand adapter TGGAATTCTCGGGTGCCAAGG 
Bottom of double strand adapter CCTT GGCACCCGAGAATTCCANN 
Forward primer AATGATACGGCGACCACCGAGATCTACACGTTCAGAG 
 
TTCTACAGTCCGA 
Reverse primer CAAGCAGAAG ACGGCATACGAGATCGTGATGTGACTG 
  GAGTTCCTTGGCACCCGAGAATTCCA 
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Table 4.2. Gene Specific primer sequences for RLM-5’RACE for the validation of selected 
miRNA targets 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
miRNA Name Target Gene Primer Type Primer Sequence (5'-3') 
gma-miR160 Glyma12g08110.1 Outer ACCAGTATCCAAGCCAAGTTGCCA 
  
Inner GCGAGTCATCCATAAGGCACTTCGC 
 
Glyma12g29720.1 Outer TGTTGCTCGGTGAGTATCGGTTGAC 
  
Inner ACCATGGTTGGTGATGTTGCCAT 
 
Glyma14g33730.1 Outer GTCACAGTTCCGGGTCCCAGC 
  
Inner AGCTCTGTTGTCACAGTTCCCAAAC 
 
Glyma11g20490.1  Outer TCACCTAGCGATCTTTTTCCGCGA 
    Inner TTTCCCCATGGTCAGAAAGCACGA 
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Table 4.3. Analysis of degradome reads from five different libraries matched to the soybean 
genome 
 
 
a Cot25 and SC25 are libraries from cotyledons and seed coats dissected from early-maturation green seed of 25-50 
mg fresh wt.; Cot100 and SC100 are cotyledons and seed coats dissected from mid-maturation green seed of 100-
200 mg fresh weight range; Cot300 are cotyledons dissected from late maturation yellow seeds of 300-400 mg 
weight range. 
bGenome matched reads indicate the number of reads of 20 or 21 nt that matched to Glycine max genome sequence 
available in Phytozome. Transcriptome matched reads indicate the number of reads that matched to Glycine max 
transcriptome (Glyma models) available in Phytozome. 
 
 
 
 
 
 
 
 
 
 
 
 
Library namea Raw Reads 20-21 nt reads Genome matched 
reads
b 
Transcriptome 
matched reads
b
 
Cot25 27802207 25926963 25300772 24754628 
SC25 41395866 40296710 39308067 37957708 
Cot100 10473739 9088079 8902528 8646558 
SC100 26326261 25931744 25289389 24436953 
Cot300 44451740 41517379 40494429 40335132 
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Table 4.4. Identified miRNA targets found in both soybean seed coat and cotyledon.  
miRNA Tissue Target  Target Annotation C.Site  L. Ctg. TP100M P-Val 
gma-miR156 C100 Glyma02g13370.1 SBP domain containing protein 1219 CDS 0 92.52237 0.0477 
 
C300 Glyma02g13370.1 SBP domain containing protein 1219 CDS 0 27.27151 0.0496 
 
SC100 Glyma02g30670.1  SBP domain containing protein 768 CDS 0 335.5574 0.0445 
 
C100 Glyma05g00200.1 SBP domain containing protein 1202 CDS 1 57.82648 0.015 
gma-miR159* C25 Glyma04g15150.1 Myb family transcription factor 853 CDS 0 787.7315 0.0111 
 
C300 Glyma04g15150.1 MYB family transcription factor 853 CDS 0 178.5044 0.0091 
 
C25 Glyma06g47000.1 Myb family transcription factor 852 CDS 0 787.7315 0.0111 
 
SC25 Glyma06g47000.1  Myb family transcription factor 852 CDS 0 18.44158 0.0123 
 
C300 Glyma06g47000.1 MYB family transcription factor 852 CDS 0 178.5044 0.0091 
 
SC100 Glyma13g34710.1 No functional annotation 1161 CDS 2 106.3962 0.0391 
 
C300 Glyma13g34710.1 No Functional Annotation 1161 CDS 1 9.916913 0.0133 
 
C25 Glyma19g40720.1 Anion Exchange protein 2162 CDS 1 28.27754 0.0157 
gma-miR160# C100 Glyma10g35480.1  Auxin response factor 740 CDS 0 12166.69 0.0168 
 
C100 Glyma11g20490.1 Auxin response factor 1510 CDS 0 12166.69 0.0071 
 
C100 Glyma12g08110.1 Auxin response factor 1501 CDS 0 12166.69 0.0071 
 
C100 Glyma12g29720.1 Auxin response factor 1626 CDS 0 1445.662 0.0168 
 
C100 Glyma14g33730.1 Auxin response factor 1184 CDS 0 1144.964 0.027 
 
SC25 Glyma04g43350.1 Auxin response factor 1337 CDS 0 1391.022 0.0379 
 
C300 Glyma04g43350.1 Auxin response factor 1337 CDS 0 401.635 0.0281 
 
SC25 Glyma10g06080.1 Auxin response factor 1355 CDS 0 821.9674 0.0379 
gma-miR164* SC100 Glyma15g40510.1 No apical meristem protein 730 CDS 1 69.56677 0.0013 
 
C100 Glyma04g33270.1  No apical meristem protein 634 CDS 0 150.3488 0.0026 
 
SC100 Glyma04g33270.1 No apical meristem protein 634 CDS 0 425.585 0.0024 
 
SC100 Glyma05g00930.1  No apical meristem protein 751 CDS 2 425.585 0.0433 
gma-miR166 SC100 Glyma04g09000.1 START domain containing protein 93 CDS 3 16.36865 0.0478 
 
SC100 Glyma05g30000.1  HD-ZIP transcription factor 1041 CDS 3 8.184326 0.0478 
 
C25 Glyma05g30000.1 HD-ZIP transcription factor 1041 CDS 0 3389.265 0.0331 
 
C300 Glyma05g30000.1 HD-ZIP transcription factor 1041 CDS 0 4321.295 0.0271 
gma-miR167* C100 Glyma15g00770.1 Zinc finger family protein 1815 CDS 0 1480.358 0.0071 
 
SC100 Glyma02g18250.3  Elongation Factor S-II 90 CDS 1 3592.919 0.0168 
 
C100 Glyma02g40650.1 Auxin response factor 2924 CDS 0 855.8319 0.027 
 
SC100 Glyma02g40650.1 Auxin response factor 2924 CDS 0 1239.925 0.0252 
 
C25 Glyma02g40650.1 Auxin response factor 2924 CDS 0 2536.899 0.0343 
 
CDS: Coding Sequence;UTR:Untranslated Region; TP100M: Transcripts per 100 million; C.site (Cleavage site): 
Nucleotide number from 5’ end of cDNA; L. denotes Location; Ctg. denotes Category; P-value ≤0.05 using 
Cleaveland pipeline.  
Cot25 and SC25 are libraries from cotyledons and seed coats dissected from early-maturation green seed of 25-50 
mg fresh wt.; Cot100 and SC100 are cotyledons and seed coats dissected from mid-maturation green seed of 100-
200 mg fresh weight range; Cot300 are cotyledons dissected from late maturation yellow seeds of 300-400 mg 
weight range.   
* and bold are  miRNAs whose targets shown in the target plots (t-plots) ( Figure 4.1) 
# and bold are miRNAs whose RLM-5’RACE validated targets are shown in the target plots (t-plots) ( Figure 4.2) 
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Table 4.5. Potential miRNA targets found only in cotyledons at different seed developmental 
stages. 
miRNA Tissue Target Target Annotation C.Site L. Ctg. TP100M P-Val 
gma-miR171 C25 Glyma15g01820.1 Protein tyrosine kinase 1359 CDS 1 24.2379 0.0013 
 
C300 Glyma12g08490.1 Putative methyltransferase 434 CDS 1 12.3961 0.0462 
gma-miR394 C100 Glyma06g13230.3 Ferredoxin related protein 1070 CDS 1 104.088 0.027 
 
C100 Glyma06g13230.2 Ferredoxin related protein 685 CDS 1 104.088 0.027 
 
C100 Glyma14g25810.1 GTPase-activating protein 1013 CDS 1 57.8265 0.0035 
 
C100 Glyma06g13230.1 Ferredoxin related protein 952 CDS 1 104.088 0.027 
gma-miR398 C100 Glyma03g40280.2 Cu/Zn superoxide dismutase 156 5' UTR 2 57.8265 0.0379 
 
C100 Glyma03g40280.3 Cu/Zn superoxide dismutase 156 5' UTR 2 57.8265 0.0379 
gma-miR1509 C300 Glyma18g03980.2  Protein of unknown function 2155 3' UTR 0 7.43768 0.0041 
gma-miR1513 C300 Glyma08g27950.1  F-box domain containing protein 190 CDS 0 29.7507 0.0402 
gma-miR1514 C25 Glyma07g05360.2 No apical meristem protein 773 CDS 0 16.1586 0.0371 
gma-miR1515 C300 Glyma09g02920.1 PAZ domain containing protein 2750 CDS 0 57.0223 0.003 
gma-miR1531 C100 Glyma16g33400.1  Serine protease inhibitor family 536 3' UTR 3 46.2612 0.0414 
gma-miR1532 C25 Glyma10g28900.1  Universal stress protein family 626 3' UTR 4 4.03965 0.015 
gma-miR1535 C25 Glyma08g22920.1 Ribose 5-phosphate isomerase 168 CDS 1 60.5947 0.0242 
 gma-miR2109 C25 Glyma03g14900.1 LRR containing protein 46 CDS 0 88.8723 0.0165 
gma-miR4357 C300 Glyma13g01500.1 Alg9-like mannosyltransferase  779 CDS 1 22.3131 0.0089 
 
C300 Glyma01g35530.1  Transferase family protein 522 CDS 1 9.91691 0.0114 
gma-miR4369 C25 Glyma19g43800.1  Calcineurin-like phosphoesterase 1257 3' UTR 4 4.03965 0.0468 
gma-miR4371 C300 Glyma15g08400.4 No Functional Annotation 452 3' UTR 0 17.3546 0.0017 
gma-miR4380 C300 Glyma06g10840.1 MYB family transcription factor 630 CDS 1 9.91691 0.0347 
gma-miR4387 C300 Glyma08g43670.1 Uncharacterized protein 1501 CDS 0 4.95846 0.0068 
gma-miR4390 C100 Glyma15g06380.1  Dynamin family protein 287 CDS 3 104.088 0.0251 
gma-miR4398 C25 Glyma02g25150.1  Integrase protein 199 5' UTR 4 4.03965 0.0444 
gma-miR4402 C300 Glyma02g18090.1 Lectin domain containing protein 783 CDS 4 2.47923 0.0293 
gma-miR4403 C300 Glyma19g36500.1 No Functional Annotation 1860 3' UTR 4 2.47923 0.0484 
gma-miR4408 C25 Glyma16g34800.1 No functional annotation 434 CDS 1 68.674 0.0057 
gma-miR4409 C25 Glyma16g04060.3 POZ domain containing protein 1304 3' UTR 0 12.1189 0.0144 
gma-miR4415 C100 Glyma02g20490.2 Transferase family protein 502 CDS 1 57.8265 0.0463 
 
C100 Glyma02g20490.1 Transferase family protein 502 CDS 1 57.8265 0.0463 
 
C100 Glyma15g12430.1 Transferase family protein 464 CDS 1 57.8265 0.0463 
gma-miR4416 C100 Glyma01g44970.1 POZ domain containing protein 434 CDS 0 161.914 0.0318 
 
CDS: Coding Sequence;UTR:Untranslated Region; TP100M: Transcripts per 100 million; C.site 
(Cleavage site): Nucleotide number from 5’ end of cDNA; L. denotes Location; Ctg. denotes Category; P-
value ≤0.05 using Cleaveland pipeline.  
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Table 4.6. Potential miRNAs and their targets found only in seed coats at different 
developmental stages 
 
CDS: Coding Sequence;UTR:Untranslated Region; TP100M: Transcripts per 100 million; C.site (Cleavage site): 
Nucleotide number from 5’ end of cDNA; L. denotes Location; Ctg. denotes Category; P-value ≤0.05 using 
Cleaveland pipeline.  
* and bold is miRNA whose target is shown in the target plot (t-plot) ( Figure 4.1) 
 
 
 
 
 
 
 
 
 
miRNA Tissue Target  Target Annotation C.Site L. Ctg. TP100M P-Val 
gma-miR319 SC100 Glyma12g33640.1 TCP family transcription factor 740 CDS 0 106.396 0.0231 
 
SC100 Glyma15g09910.1 TCP family transcription factor 959 CDS 0 69.5668 0.0121 
gma-miR393 SC100 Glyma19g27280.1 LRR containing protein 2207 CDS 2 20.4608 0.032 
 
SC100 Glyma03g36770.1 LRR containing protein 1750 CDS 3 167.779 0.031 
 
SC100 Glyma16g05500.1 LRR containing protein 2279 CDS 3 20.4608 0.0132 
 
SC100 Glyma19g39420.1 LRR containing protein 1751 CDS 3 167.779 0.031 
gma-miR1508 SC100 Glyma13g35890.1 EF-hand containing protein 517 3' UTR 1 8.18433 0.0385 
gma-miR1518 SC100 Glyma15g12180.1 Ubiquitin-protein ligase 273 CDS 1 16.3687 0.02 
gma-miR1523 SC25 Glyma20g02470.1 LRR containg protein 407 CDS 1 5.26902 0.0419 
gma-miR1526 SC100 Glyma08g09640.1 Protein of unknown function 424 CDS 0 163.687 0.048 
 
SC100 Glyma08g09640.2 Protein of unknown function 424 CDS 0 163.687 0.048 
gma-miR2119 SC100 Glyma14g24860.1  Alcohol  dehydrogenase 99 CDS 2 2488.04 0.0462 
gma-miR4374 SC100 Glyma01g36660.1 Ankyrin repeat protein 2124 3' UTR 1 8.18433 0.009 
gma-miR4377 SC25 Glyma06g04910.1 Cyclin family protein 910 CDS 4 2.63451 0.0297 
gma-miR4399 SC100 Glyma17g34370.1 No functional annotation 637 3' UTR 4 4.09216 0.0491 
gma-miR4406 SC25 Glyma03g17300.1  Glyoxal oxidase related protein 1489 CDS 0 73.7663 0.0082 
gma-miR4407 SC100 Glyma08g15670.1 Peptide transporter family protein 1078 CDS 1 1076.24 0.0159 
  SC100 Glyma05g04810.1 Peptide transporter family protein 918 CDS 1 1076.24 0.0159 
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Table 4.7. Comparison of miRNA targets between the Williams and Heinong44 data sets  
Annotations Unique to Williams Annotations Unique to Heinong44 Annotations Found in Both Data Sets 
Alcohol /Zinc-binding dehydrogenase Polyubiquitin protein AGO protein 
Alg9-like mannosyltransferase  Plasmamembrane protein Auxin Response Factor 
Aluminium induced protein Auxin signaling F-BOX protein Copper/zinc superoxide dismutase 
Anion Exchange protein NADP+ Growth Regulating Factor 
Ankyrin repeat containing protein MtN19-like protein HD-ZIP Transcription Factor 
Ataxin-2 domain containing protein Serine-type endopeptidase MYB family Transcription Factor 
bHLH family protein elongation factor No Apical Meristem protein (NAC Family ) 
BRE Expressed protein NSF attachment protein SBP domain containing protein 
BTB/POZ domain containing protein Autophagy protein TCP family transcription factor 
Calcineurin-like phosphoesterase embryo-related protein Nuclear Factor-YA 
Cellulose synthase AP2 transcription factor Zinc Finger Family protein 
Cyclin family protein heat shock cognate protein 
 Dynamin family protein expressed protein 
 EF-hand containing protein 60S ribosomal protein 
 Elongation Factor S-II Disulfide isomerase 
 F-box domain containing protein FAD linked oxidase family protein 
 Ferredoxin related protein Auxin inducible transcription factor 
 Glyoxal oxidase related protein ribulose-1,5-bisphosphate carboxylase 
 GTPase-activating protein 
  Integrase domain containing protein 
  lectin domain containing protein 
  LRR containing protein 
  mRNA capping enzyme  
  NADP/FAD  oxidoreductase 
  NB-ARC domain containing protein 
  No Functional Annotation 
  PAZ domain containing protein 
  Peptide transporter family protein 
  Permease family protein 
  PPR repeat containing protein 
  Protein tyrosine kinase 
  Putative methyltransferase 
  Ras family protein 
  Ribose 5-phosphate isomerase 
  Serine protease inhibitor family 
  Serine-threonine protein kinase 
  START Domain containing protein 
  TIR domain containing protein 
  Transcription factor TFIID  
  Transferase family protein 
  Transmembrane protein 14C 
  Transporter family protein 
  UBA domain containing protein 
  Ubiquitin-protein ligase 
  Uncharacterized conserved protein   
 Universal stress protein family 
 
  
 
Williams data sets from this study were generated using five degradome libraries of early, mid and late soybean seed 
developmental stage. The Heinong44 data set represented an earlier seed stage (Song et al., 2011). 
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CHAPTER 5 
 
RIBOSOME PROFILING REVEALS TRANSLATIONAL REGULATION DURING 
SOYBEAN SEED DEVELOPMENT 
 
INTRODUCTION 
 
 Gene expression is regulated at multiple levels such as transcriptional, post-
transcriptional, translational, and post-translational levels. Although translation determines to a 
great extent the proteome, translational regulation in plants is less well understood compared to 
other regulatory steps such as transcription and post-transcription (Albertin et al., 2007; Coate et 
al., 2014; Kawaguchi and Bailey-Serres, 2004). The regulation of gene expression is crucial to 
ensure specific genes are expressed at the appropriate times and levels in response to genetic and 
environmental stimuli (Juntawong et al., 2014; Mustroph et al., 2009). The ultimate product of 
gene expression is protein which is synthesized by the process of translation. So, the 
understanding of translational regulation is a major focus in recent years (Gerashchenko et al., 
2012; Ingolia et al., 2009, 2012; Juntawong et al., 2014). In higher plants, translational regulation 
plays significant roles in the different developmental processes that control the expression of 
developmental stage specific as well as tissue specific genes (Jiao and Meyerowitz, 2010; 
Mustroph and Bailey-Serres, 2010). 
 Genome-wide analyses of gene expression quantify the abundance of mRNA either by 
microarray or, more recently, by RNA sequencing (Jones et al., 2010; Shamimuzzaman and 
Vodkin, 2014). However, neither approach provides information on translation of mRNA into 
protein which is the true end point of gene expression. Ribosome profiling is a recently 
developed technique for studying the regulation of gene expression at the translational level 
(Ingolia et al., 2009, 2010). This approach is based on high throughput sequencing of ribosome 
protected mRNA fragments (Ingolia et al., 2009). It determines the exact position of ribosomes 
on mRNA (Ingolia, 2010). Generally, transcript abundance is used as the indicator for the gene 
expression measurement. Sometimes, there is a poor correlation between mRNA and protein 
levels which is partially due to the translational regulation (Gerashchenko et al., 2012; Ingolia, 
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2014). Whole-proteome mass spectrometry is the direct and powerful approach to measure the 
changes in protein abundance. But this method can detect only a fraction of protein products in 
the cell (Gerashchenko et al., 2012). Ribosome profiling and mass spectrometry are highly 
complementary approaches to study gene regulation at the translational level. However, 
ribosome profiling itself allows mRNA abundance and protein translation to be examined in the 
same sample with high accuracy. One of the advantages of this technique is the measurement of 
translational efficiency (TE) which is calculated using normalized mRNA abundance and 
ribosome footprint abundance (Gerashchenko et al., 2012; Ingolia et al., 2009). Higher 
translational efficiency indicates the greater potential of mRNA to be translated into protein 
(Gerashchenko et al., 2012; Ingolia, 2014).  
 Soybean seed developmental stages have been broadly classified into three major stages. 
These represented early maturation seed (25–50 mg fresh weight, green seed), mid-maturation 
(100–200 mg fresh weight, green seed), the stages when the biosynthetic capacity of the seed is 
maximal and proteins and oils are accumulated at a high rate and late maturation (300–400 mg 
fresh weight, yellow seed) that are undergoing dehydration and desiccation (Jones et al., 2010; 
Shamimuzzaman and Vodkin, 2012). There are different seed storage proteins such as lectins, 
glycinin, beta-conglycinin, trypsin protease inhibitors, albumins and globulins which are 
accumulated during these developmental stages (Jones and Vodkin, 2013; Harada et al., 1989; 
Mienke et al., 1981; Schmidt et al., 2011; Walling et al., 1986). Changes in seed developmental 
stages are accompanied by changes in gene expression. It implies that there may be different 
levels of regulation in the expression of developmental stage specific genes. The regulation of 
gene expression at transcriptional and post-transcriptional level is fairly well understood during 
soybean seed developmental stages (Jones et al., 2010; Jones and Vodkin, 2013; 
Shamimuzzaman and Vodkin, 2012). So the investigation of translational regulation during 
soybean seed development has immense importance in dissecting the gene regulatory networks. 
Ribosome profiling is an emerging technique which allows us to study translational regulation 
during soybean seed development. Sequence information obtained by ribosome profiling needs 
to align to a Glycine max reference genome, followed by transcript quantification and annotation. 
This will allow the determination of the number and types of genes that are expressed in high 
and low abundance during different stages of soybean seed development. Translational 
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efficiencies (TE) calculated from ribosome profiling data can be utilized to compare the relative 
translational regulation across the seed developmental stages.  
 Previously, our lab examined the regulation of gene expression during soybean seed and 
seedling developmental stages at the transcriptional level using microarrays and RNA-Seq (Jones 
et al., 2010; Jones and Vodkin, 2013; Shamimuzzaman and Vodkin, 2014). Additionally, I used 
degradome sequencing to study the post-transcriptional regulation during different seed 
developmental stages (Shamimuzzaman and Vodkin, 2012). Here, I use the recently developed 
technique called ribosome profiling to study translational regulation during soybean seed 
development. 
 
 
METHODS 
 
Plant Materials 
 Soybean (Glycine max cv. Williams) plants were grown in a greenhouse and seeds were 
collected at different developmental stages including early maturation, green 25-50 mg fresh 
weight seed, mid- maturation green 100-200 mg fresh weight seed, and late maturation yellow 
300-400 mg fresh weight seed. Immediately, cotyledons and seed coats were separated by 
dissecting whole seeds and then frozen in liquid nitrogen. Subsequently the tissue was stored  
at -80˚C.  
 
Preparation of Plant Cell Extracts 
The complete protocol for ribosome profiling experiment is given in Appendix D. It was 
prepared by following the combination of multiple published articles (Ingolia et al., 2009; 
Mustroph et al., 2009; Zanetti et al., 2005). A 1 g portion of frozen seed tissue was ground in 
liquid nitrogen with a mortar and pestle. Multiple beans were used to avoid sampling variation. 
An aliquot of 100 mg of powdered sample in a microfuge tube was kept frozen at -80˚C for total 
RNA isolation. The remaining powdered sample was homogenized in 10 mL of polysome 
extraction buffer (PEB) [200mM Tris-acetate pH 8.0, 200 mM sucrose, 200 mM KCl, 10 mM 
MgCl2, 10 mM 2-Mercaptoethanol, 2% (v/v) polyoxyethylene (10) tridecyl ether, 1% (v/v) 
Triton X-100] (Ingolia et al., 2009; Mustroph et al., 2009; Zanetti et al., 2005). The suspension 
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was filtered through 60 µm nylon mesh and centrifuged at 12,000 rpm for 15 min at 4ºC in a JA-
17 rotor (Beckman) to remove cell debris. The supernatant was used in the next step for the 
nuclease digestion. 
 
Nuclease Digestion 
 At this point, 300 ul of supernatant was transferred to a new tube. Subsequently, 25 ul of 
CaCl2 and 30 ul of micrococcal nuclease (equivalent to 750 units) were added to the supernatant 
in the microfuge tube. The reaction mixture was incubated for 1 h at room temperature with 
gentle rotation. In order to stop the digestion reaction, 15 ul (20 U/ul) of SUPERaseIn was added 
to the reaction mixture. The samples were kept on ice while preparing for the next steps.  
 
Ribosome Protected Fragments Purification 
 Ribosome protected fragments were purified by the Sephacryl S400 spin column (GE 
Healthcare Life Sciences) chromatography according to the ribosome profiling kit (Epicentre) 
manuals. This is a rapid and simplified size exclusion spin-column method to isolate monosomes. 
The Sephacryl S400 columns are usually supplied in TE buffer. The resin was re-suspended by 
inverting the tube several times. Then it was equilibrated by passing through ~300 ul of 1X 
polysome buffer under gravity flow. Subsequently, 100 μl of nuclease treated sample was 
applied onto the column and was centrifuged for 2 minutes at 3000 rpm and the flow through 
was collected. The ribosome footprint extraction was performed by adding 600-700 ul of RNA 
extraction buffer and 500 ul of phenol-chloroform. Then the total mixture was centrifuged at 
14,000 rpm for 5 minutes at 4°C to separate the phases.  The aqueous phase was collected into a 
fresh 1.5 ml tube and one volume of Sevag (24:1 ratio of chloroform and isoamyl alcohol) was 
added for centrifugation at 14,000 rpm for 5 minutes at 4°C. After the centrifugation, the 
aqueous phase was placed in a fresh 1.5 ml tube and 2 μl of Glycogen, 1/10th volume of 5M 
sodium acetate and 1.5 volumes of ethanol was added. The reaction mixture was stored at –20°C 
for at least one hour before centrifuge at 14,000 rpm for 20 minutes to pellet ribosome footprints. 
Finally, the ribosome footprints were re-suspended in nuclease-free water and the UV 
absorbance was taken with the Nanodrop instrument for the next steps of the experiment. 
Ribosome profiling kit (Epicenter) manuals provides the instruction for the purification of 
ribosome protected fragments using Sephacryl spin column chromatography. 
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RNA Sequencing Fragment Preparation 
 RNA was extracted from a 50 mg aliquot of powdered sample using the phenol-
chloroform extraction method as described above. The extracted RNA was fragmented using 
fragmentation buffer (80 mM Tris-OAc, pH ~8.1, 200mM KOAc, 60mM Mg(OAc)2). Then, 20 
ul of 2X fragmentation buffer for 20 ul of RNA sample was added. The reaction mixture was 
incubated for 35 minutes at 95ºC.  After the incubation, the reaction was stopped by adding 4 ul 
of 0.5M EDTA.  
 
Selection of Desired Fragments 
 At this point, both the ribosome footprint samples and RNA samples were run in a 15% 
TBE (Tris-Borate-EDTA)-urea polyacrylamide gel. The upper (34 nt) and lower (26 nt) markers 
were used (Table 5.1) to select the fragments in the range of 26 to 34 nt. Then, the ribosome 
footprints and RNA fragments were extracted from the gel using the standard protocol 
(Gerashchenko et al., 2012; Ingolia et al., 2012). 
 
Ribosome Footprints and RNA Sequencing Library Preparation 
 There were multiple distinct steps for sequencing library preparation as previously 
described (Gerashchenko et al., 2012; Ingolia et al., 2009; Ingolia, 2010). Briefly, rRNA was 
removed using ribo-zero™ rRNA removal kits (Epicentre). Both fragmented RNA and ribosome 
footprint samples were dephosphorylated using T4 polynucleotide kinase (New England Biolabs). 
After the addition of 1 μl of T4 kinase buffer and 1 μl of T4 polynucleotide kinase, the mixture 
was incubated for 60 min at 37 °C, and then inactivated for 10 min at 70 °C. Dephosphorylated 
fragments were then purified by precipitation as described above. Preadenylated and 3'-blocked 
linker (1/5rApp/CTGTAGGCACCATCAAT/3ddC/) was ligated to the ribosme footprints and 
RNA fragments. The desired band was excised from the gel and the selected fragments were 
extracted from the gel. Subsequently, reverse transcription was performed using RT-primer 
((Phos)-AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTAGATCTCGGTGGTCG 
C(SpC18)CACTCA(SpC18)TTCAGACGTGTGCTCTTCCGATCTATTGATGGTGCCTACAG) 
(Ingolia et al., 2012). After reverse transcription, the mixture was loaded onto a 15% TBE-urea 
gel.  The use of RT-primer as marker facilitated the identification of extended products. These 
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extended products was excised, extracted from the gel, and precipitated as previously described 
(Gerashchenko et al., 2012; Ingolia et al., 2012). The circularization of gel extracted constructs 
was performed using CircLigase II (Epicentre). Circularized constructs were used as a template 
for the final library amplification step using forward primer (5’-
AATGATACGGCGACCACCGAGATCTACAC-3’) and one of the seven indexed reverse 
primers in Table 1. Final amplification reactions were performed using 30 s denaturation at 98°C 
followed by cycles of 10 s denaturation at 98°C, 10 s annealing at 65°C, and 5 s extension at 
72°C. Reactions were carried out for 12 cycles as previously described (Gerashchenko et al., 
2012; Ingolia et al., 2012). The products were separated by 10% non-denaturing TBE 
polyacrylamide gel. The desired band ~175 nt was cut from the gel and precipitated using 
sodium acetate and ethanol using standard procedure. 
 
High-Throughput Sequencing of Libraries and Data Analysis 
 High-throughput sequencing for 101 cycles was carried out by the Illumina HiSeq2000 at 
the Keck Center, University of Illinois at Urbana-Champaign. Sequencing data was filtered 
through the standard Illumina pipeline including the CASSAVA 1.8.2 program. The 100 
nucleotide single sequence reads were trimmed to remove the adapter sequences. Then the 
trimmed sequences were mapped to the 78,773 high and low confidence soybean gene models 
(Schmutz et al., 2010) using the ultrafast Bowtie aligner (Langmead et al., 2009) with up to 3 
mismatches and up to 25 alignment (using following command v 3 m 25). Sequencing reads 
were aligned to the rRNA sequences. Sequence reads that matched to the rRNA sequences were 
removed for further analysis. Ribosome profiling and RNA sequencing data were normalized in 
reads per kilobase of gene model per million mapped reads (RPKM) (Mortazavi et al., 2008). 
 
Analysis of Translational Efficiency (TE) 
 TE is defined as the number of normalized footprint reads divided by the number of 
normalized mRNA sequence reads in the form of RPKM (Gerashchenko et al., 2012; Ingolia, 
2010). The translational efficiencies (TE) were calculated for all the genes across the seed 
developmental stages. A higher TE value represents greater potential of mRNA for translation 
(Greshchenko et al., 2012; Ingolia, 2014). Gene models were filtered based on their translational 
efficiencies (TEs). The selected genes with higher translational efficiencies during early, mid and 
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late developmental stages were deeply analyzed. Additionally, the translational efficiencies of 
seed storage proteins were also investigated.  
 
Gene Model Annotations, Clustering, and P-Values 
 Most gene model annotations were obtained from PFAM of the Soybean Genome Project 
in the Phytozome database (Goodstein et al. 2012). Some of the annotations of gene models were 
taken from BLASTX (e-value 1e-4 or better) against NCBI’s non-redundant database as 
described (Hunt et al., 2011). The top 5 hits were compiled for each gene model. Gene models 
were grouped into families by manual inspection using these annotations.Clustering of gene 
models with higher translational efficiencies (TEs) was performed by Multi-Experiment Viewer 
(MeV) (Saeed et al., 2003). The k-means clustering technique was used with the Pearson 
correlation distance metric and 5,000,000 maximum iterations. The correlation coefficients (R2) 
of biological replicates were calculated to show the reproducibility of the ribosome profiling as 
well as RNA sequencing libraries. 
 
 
RESULTS 
 
Developmental Stage-specific Library Construction, Sequencing and Sequence Analysis 
 Ribosome profiling and RNA sequencing libraries were constructed using soybean 
cotyledons and seed coats from different seed developmental stages such as early maturation 
seed, mid-maturation seed and late maturation seed. We dissected beans to separate cotyledons 
and seed coats to study the translational regulation during major milestones of seed development 
such as nutrient accumulation, storage protein synthesis and desiccation. 
 High-throughput next generation sequencing of these libraries was performed on three 
stages of soybean seeds, with two biological replicates, resulting in millions of reads per sample 
(Table 2). These reads were aligned to 78,773 soybean gene models determined by the Soybean 
Genome Project (Schmutz et al., 2010) using the program Bowtie (Langmead et al., 2009). Data 
from the two biological replicates were highly similar as shown in the correlation graph for the 
cotyledons and seed coats separately (Figures 5.1 and 5.2).  For cotyledon libraries, the 
correlation coefficient R
2
 ranged from 0.85 to 0.94 except for the RNA sequencing library at the 
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mid stage (Figure 5.1). For seed coat libraries, the correlation coefficient R
2
 ranges from 0.84 to 
0.94 except for the ribosome footprint library at the early stage (Figure 5.2). Additionally, read 
length distribution was found to be very similar between replicates. The predominant read length 
for the RNA sequencing libraries ranges from 26-28 nt (Figures 5.3 and 5.4) whereas the 
predominant read length for the ribosome footprint libraries ranges from 31-33 nt (Figures 5.5 
and 5.6). Both RNA sequencing and ribosome footprint reads were normalized and presented in 
reads per kilobase of gene model per million mapped reads (RPKMs) (Mortazavi et al., 2008). 
Translational efficiency (TE) was calculated by dividing normalized ribosome footprint reads by 
the normalized RNA sequencing reads in the form of RPKM (Gerashchenko et al., 2012; Ingolia, 
2014). TE value is the indicator of how well a particular transcript will be translated. Higher TE 
values indicate more ribosomes are bound to the mRNA and hence there is a higher chance of 
mRNA translation to synthesize proteins (Gerashchenko et al., 2012; Ingolia, 2014). Gene model 
filtering based on translational efficiencies (TEs) and data clustering were performed using 
average RPKM values from Biological Replicate 1 and Biological Replicate 2. 
 
Ribosome Profiling Reveals Genes with Higher Translational Efficiency (TE) in Cotyledons 
 In order to obtain genes with marked translational efficiency during the early seed 
developmental stage, all the genes were filtered to retain gene models with TE≥5 in the early 
stage and also TE<5 in the late stage. This resulted in a list of 148 genes with a peak translational 
efficiency (TE) in the early stage and lower in the late stage.  These gene models were then 
grouped into 3 clusters with Multi-Experiment Viewer (MeV) (Saeed et al., 2003). The 
representative cluster in Figure 5.7a contains 116 gene models. The genes have TEs ranging 
from 5 to over 83 during the early stage of seed development. As shown in Table 5.3, many of 
them are annotated as protease family proteins. In this cluster, 10 gene models are annotated as 
cysteine protease and 7 gene models are annotated as serine protease (Table 5.3). The expression 
profiles including mRNA abundance, ribosome footprint abundance and translational efficiency 
(TE) for a representative cysteine (Glyma06g42480.1) and serine protease (Glyma04g02460.1) 
are shown in Figure 5.8a and b. Other prominent annotation groups in this cluster include 
gibberellin regulated protein, LTP family protein, flavanone 3-hydroxylase and MADS-box 
transcription factors. Another 28 genes have unknown function. 
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 Genes with higher translational efficiency (TE) at mid stage were obtained by filtering 
TE values of all the genes to include only those with TE≥5 in the mid stage and TE<5 in the 
other two stages. This filtering resulted in a list of 217 gene models with peak translational 
efficiency at the mid stage of seed development. These gene models were then grouped into 2 
clusters with Multi-Experiment Viewer. The cluster in Figure 5.7b is a representative cluster 
from genes with higher TEs in the mid-developmental stage and contains 166 gene models. The 
genes have TE values ranges from 5 to over 45. The over-represented annotation group in this 
cluster is zinc finger transcription factors which have 9 different gene models (Table 5.3). The 
expression profiles including mRNA abundance, ribosome footprint abundance and translational 
efficiency (TE) for a representative zinc finger transcription factor (Glyma11g17940.1) are 
shown in Figure 5.8c. There are about 46 gene models annotated as proteins with unknown 
function. Other gene models found in this cluster are annotated as delta-1-pyrroline-5-
carboxylate dehydrogenase, ATPase family protein and serine-threonine protein kinase. 
 Translational efficiencies (TEs) of all the soybean genes were filtered to retain genes with 
TE≥5 in the late stage and also TE<5 in the early stage. This resulted in a list of 273 genes with 
marked translational efficiency at the late stage of seed development. These gene models were 
then grouped into 3 clusters with Multi-Experiment Viewer. The cluster in Figure 5.7c is a 
representative cluster from genes with higher TEs in the late developmental stage which contains 
176 gene models. The genes have TEs ranging from 5 to over 34. Of the 176 gene models in 
Figure 5.7c, we found the most prominent groups of genes are annotated as zinc finger 
transcription factor, auxin-induced protein, serine-threonine protein kinase and bHLH 
transcription factor (Table 5.3). The expression profiles including mRNA abundance, ribosome 
footprint abundance and translational efficiency (TE) for a representative zinc finger 
transcription factor (Glyma19g36430.1) are shown in Figure 5.8c. Another 58 genes have 
unknown function. 
 
Genes with Higher Translational Efficiency (TE) in Seed Coats 
 We analyzed the cotyledon and seed coat libraries separately. We found 93 genes that 
showed translational efficiency, TE≥5 early stage and TE<5 in the mid stage of seed 
development (Table 5.4). Since we constructed ribosome profiling libraries using seed coats 
from only two stages, we did not perform clustering on seed coats data. The genes have TE 
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values ranging from 5 to over 20. Of the 93 genes with peak translational efficiency at the early 
stage, the prominent annotation groups include receptor like serine-threonine protein kinase, 
chaperone protein, DNA binding protein and rop guanine nucleotide exchange factor. There are 
41 genes which are annotated as unknown proteins. 
 In order to obtain genes with peak translational efficiency in seed coats of  mid 
maturation seeds, all the genes were filtered to retain genes with TE≥5 in the mid stage and also 
TE<5 in early stage. This resulted in a list of 180 genes with higher translational efficiency 
during the mid-developmental stage (Table 5.4). The genes have TE values ranging from 5 to 
over 53. Many of them are annotated as transcription factors. 12 gene models annotated as MYB 
family transcription factor and 6 gene models annotated as zinc finger transcription factor 
showed higher translational efficiency at the mid stage in seed coats (Table 5.4). Other gene 
models found in this group are annotated as glycosyltransferase, serine-threonine protein kinase 
and triose phosphate/phosphate translocator. Another 59 genes have unknown function. 
 
Genes with No Ribosome Footprints in Cotyledons and Seed Coats 
 To understand the translational regulation during seed developmental stages, we analyzed 
ribosome profiling data to find genes with no ribosome footprints but substantial amount of 
transcripts. We filtered all the genes based on their RPKMs in RNA sequencing libraries as well 
as ribosome footprint libraries. In cotyledon libraries, we found only 22 gene models with no 
ribosome footprints in all three libraries which have at least 10 RPKMs level of mRNA in one of 
the three stages of seed development (Table 5.5). Nine of them are annotated as unknown protein. 
Other prominent annotation groups include auxin induced protein and zinc finger transcription 
factor. There are three gene models for auxin induced proteins which have no ribosome 
footprints but have mRNAs ranging from 16 to over 23 RPKMs (Table 5.5). Similarly, we found 
only two gene models in seed coat libraries with no ribosome footprints in both seed coat 
libraries but 10 to 12 RPKMs of mRNA abundance. They are annotated as E3 ubiquitin-protein 
ligase and MADS-box transcription factor (Table 5.5). 
 
Translational Efficiency of Seed Storage Proteins 
 The NCBI non-redundant database annotations for the 78,773 soybean gene models were 
keyword-filtered to assemble lists of gene models annotated as various soybean seed storage 
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proteins such as lectin, glycinin, beta-conglycinin, trypsin protease inhibitor, albumin and 
globulin. These seed storage proteins are the major constituents of soybean seeds especially in 
cotyledons. We analyzed their expression profiles including mRNA abundance, ribosome 
footprint abundance and translational efficiency in cotyledons during three stages of seed 
development (Table 5.6 and Figure 5.9). Most of the seed proteins are consistently expressed at 
the relatively higher level. Interestingly, all seed storage proteins showed the highest level of 
mRNA abundance at the mid stage whereas highest level of ribosome footprint abundance was 
found at the late stage of seed development. Their translational efficiencies range from about 1 to 
2. The representative gene models from each group of seed storage proteins with their relevant 
expression profiles are shown in Table 5.6 and Figure 5.9. For seed lectin (Glyma02g01590.1), 
the mRNA abundance sharply increases from 184 RPKMs in the early stage to 1259 RPKMs in 
the mid stage and then it decreases to 1044 RPKMs in the late stage. But for ribosome footprints 
data, the peak abundance, 2279 RPKMs, was found in the late stage (Figures 5.9 and 5.10). 
There is not much difference in the translational efficiency (TE) of the seed lectin gene across 
development, it ranges from 1.3 to 2.1 (Table 5.6). The highest level of translational efficiency 
was found at the late stage which indicates the attachment of more ribosomes to the lectin 
mRNAs at this stage compared to the other stages (Figure 5.10).  
 Glycinin and beta-conglycinin are two other important seed storage proteins. For glycinin 
(Glyma03g32020.1), the peak mRNA abundance was 3859 RPKMs found at the mid stage 
whereas peak ribosome footprint abundance 6368 RPKMs was found in cotyledons of the late 
stage (Table 5.6 and Figure 5.9). The translational efficiencies of this particular glycinin range 
from 1.1 to 1.9. Similarly, the beta-conglycinin (Glyma20g28650.1) gene showed the highest 
mRNA level of 5063 RPKMs at the mid stage whereas peak footprint abundance was found at 
the late developmental stage. The translational efficiencies of this beta-conglycinin range from 
1.03 to 1.5. We found a similar expression pattern in terms of mRNA abundance, ribosome 
footprint abundance and translational efficiencies for other seed storage proteins such as trypsin 
protease inhibitors, albumins and globulins (Table 5.6 and Figure 5.9).  
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DISCUSSION 
 
 Transcriptional and post-transcriptional regulation of gene expression is fairly well 
understood in higher plants (Kawaguchi et al., 2004; Mustroph et al., 2009; Shamimuzzaman and 
Vodkin, 2012; Walling et al., 1986). But there are a very limited number of studies on 
translational regulation of gene expression in plants especially in legumes. In order to study the 
translational regulation during soybean seed development, we used ribosome profiling in 
combination with mRNA sequencing. Comparative studies using cotyledons and seed coats 
across different seed developmental stages provide information about shifts in translational 
regulation with the changes in developmental stages. 
 
Higher Translational Efficiencies (TEs) of Proteases in Cotyledons of the Early Stage 
 A number of seed proteases have been identified that are involved in seed developmental 
processes in soybean (Grudkowska and Zagdanska, 2004; Zakharov et al., 2004). Cysteine and 
subtilisin-like serine proteases are most commonly found seed proteases in soybean (Beilinson et 
al., 2002; Grudkowska and Zagdanska, 2004; Siezen and Lenuissen, 1997). It has been reported 
that these proteases are involved in the mobilization and degradation of seed storage protein in 
soybean (Papastoitsis and Wilson, 1991; Qi et al., 1992). Higher translational efficiencies of 
cysteine and serine proteases during early seed development suggest that these proteases might 
be involved in storage protein catabolism during the early stage of seed development. The 
expression profiles of the seed storage proteins support this phenomenon where there is the 
lowest level of transcripts and footprints measured in the early stage compared to the mid and 
late stages (Table 5.6 and Figure 5.9). This indicates that the expression profiles of seed 
proteases and seed storage proteins are inversely correlated during seed development. The 
representative cysteine protease (Glyma06g42480.1) has about 2 RPKMs level of transcripts in 
cotyledons of all three stages of seed development whereas there is a much higher level of 
footprints, about 22 RPKMs, detected in early stage compared to the other two stages (Figure 
5.8a). Hence there is a high level of translational efficiency (TE), about 9 in the early stage 
(Figure 5.8a). This implies that there are more ribosomes bound to cysteine protease mRNAs at 
this stage which facilitates more translation. We found 10 gene models annotated as cysteine 
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protease and all of them showed similar expression patterns to the one described above (Table 
5.3 and Figure 5.7a). 
The representative serine protease (Glyma04g02460.1) showed a similar expression 
pattern to cysteine protease. mRNA abundance is steady in all three stages of development, 
ranging from 2 to 3 RPKMs (Figure 5.8b). But there is a significant difference in the ribosome 
footprint abundance. In the early stage, we found the ribosome footprint abundance of 35 
RPKMs but less than 1 RPKM in the other two stages (Figure 5.8b). So the translational 
efficiency (TE) of 11 at early stage is very high compared to the other two stages.  This higher 
translational efficiency suggests that there are more ribosomes associated with serine protease 
mRNAs at the early stage. There are 7 gene models annotated as subtilisin-like serine protease 
and all of them showed similar expression patterns, with higher translational efficiencies 
demonstrated at the early stage of seed development (Table 5.3 and Figure 5.7a). It has been 
reported that serine proteases play an important role in plant developmental processes including 
seed developmental processes (Beilinson et al., 2002; Liu et al., 2001; Zakharov et al., 2004). 
Perhaps this translational regulation of serine and cysteine proteases is playing vital roles in 
maintaining the seed developmental program. 
 
Translational Regulation of Zinc Finger Transcription Factors in Cotyledons during the 
Mid and the Late Stage of Seed Development 
 Zinc finger transcription factors are an important class of transcription factors which are 
involved in numerous plant growth and developmental processes (Guo and Qiu, 2013; Huang et 
al., 2006). They can act as a transcriptional activators or repressors involved in diverse plant-
specific physiological processes (Huang et al., 2006; Yanagisawa et al., 2004). It has been 
reported that the soybean zinc finger transcription factor GmZFP1 is involved in reproductive 
organ development as well as seed development (Huang et al., 2006).  A specific group of zinc 
finger transcription factors demonstrated higher translational efficiency during mid and late 
stages of seed development (Table 5.3). The representative zinc finger transcription factor 
encoding gene, Glyma11g17940.1, showed higher translational efficiency in cotyledons during 
the mid-stage of seed development (Figure 5.8c). We found a steady level of mRNA abundance 
of this gene across development ranging from 3 to 4 RPKMs whereas there is about a 15 fold 
increase in footprint abundance from the early to the mid stage (Figure 5.8c). Hence, there is a 
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high level of translational efficiency (TE) of over 15 at the mid stage of seed development. In 
this cluster, 9 gene models are annotated as zinc finger transcription factors that showed similar 
expression pattern (Table 5.3 and Figure 5.7b). 
 Another group of zinc finger transcription factors showed higher translational efficiency 
(TE) in cotyledons during the late stage of seed development. The representative zinc finger 
transcription factor (Glyma19g36430.1) showed translational efficiency of about 7.5 at the late 
stage of seed development (Figure 5.8d). There is not much difference in the mRNA abundance 
the development. But there is a significant difference in footprint abundance which indicates 
more ribosomes are associated with zinc finger transcripts at the late stage (Figure 5.8d). This 
facilitates greater potential of zinc finger transcripts to be translated into protein. There are 9 
gene models in this cluster annotated as zinc finger transcription factors which showed similar 
expression patterns (Table 5.3 and Figure 5.7c). Our results indicate that zinc finger transcription 
factors might be playing an important role during mid and late stages of seed development. 
 
Genes Associated with Diverse Pathways Showed Higher Translational Efficiencies in Seed 
coats 
 Analysis of ribosome profiling data on two stages of seed coats identified a number of 
genes with higher translational efficiency. At the early stage, there are 93 genes that showed 
higher translational efficiency in seed coats (Table 5.4). Of the 93 genes, the over-represented 
group of genes is annotated as receptor like serine-threonine protein kinase (Table 5.4). 
Numerous studies have shown that the receptor like serine-threonine protein kinases are mainly 
involved in plant signaling and diverse developmental processes (Afzal et al., 2008; Becraft, 
2002; Hardie, 1999; Yamamoto and Knap, 2001). Four receptor like serine-threonine kinase 
genes showed translational efficiencies ranging from 5 to 10.  Other prominent annotation groups 
such as chaperone protein, DNA binding protein and rop guanine nucleotide exchange factor are 
also regulated at the translational level in seed coats during soybean seed development (Table 
5.4). 
During the mid-stage of seed development, MYB and zinc finger transcription factor 
genes are the prominent groups of genes that showed higher translational efficiency in seed coats. 
There are about 12 MYB transcription factor genes as well as 6 zinc finger transcription factor 
genes that are regulated at the translational level in seed coats during the mid-stage of seed 
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development (Table 5.4).  The mRNA abundance and ribosome footprint abundances of these 
transcription factors are not that high across development. But it is not unusual to have lower 
expression levels for the transcription factor genes. For MYB transcription factor genes, their 
translational efficiencies range from 5 to 19 whereas zinc transcription factor genes showed 
translational efficiencies ranging from 5 to 11. It has been reported that the MYB and zinc 
transcription factors are important in seed development (Du et al., 2012; Dubos et al., 2010; Nesi 
et al., 2001). Although there are multiple members in these groups of transcription factors, it is 
difficult to pinpoint their exact function in seed development. However, our result implies that 
the translational regulation of these transcription factors is very important for the seed 
developmental program especially in seed coats. 
 
Genes with No Ribosome Footprints Perhaps Regulated at the Translational Level 
 A small number of genes showed essentially no translation, although their mRNAs are 
present. So, these genes are probably regulated at the translational level. In cotyledons, we found 
22 genes with no ribosome footprints in all three developmental stages, although they have at 
least 10 RPKMs of mRNA in at least one developmental stage (Table 5.5). In this group, there 
are 9 genes with unknown function. One of them (Glyma14g06860.1) has about 33 RPKMs level 
of transcripts whereas no ribosome footprints were detected for this gene (Table 5.5). Over-
represented annotation groups include auxin induced protein, zinc finger transcription factors and 
MYB transcription factors. We found significant levels of transcripts in the early stage for three 
auxin induced protein coding genes ranging from about 16 to 23 RPKMs even though there was 
no detectable level of ribosome footprints (Table 5.5). There are multiple members of auxin 
induced proteins involved in plant growth and development (Dharmasiri and Estelle, 2004; Liu et 
al., 2013). These particular members may have very strict regulation during seed development. 
Similarly, specific members of zinc finger and MYB transcription factors showed transcripts 
level ranging from about 10 to over 18 RPKMs (Table 5.5). Their translation may be completely 
turned off to maintain the soybean seed developmental program. 
 
Seed Storage Proteins are Primarily Regulated at the Transcriptional Level  
 During seed development, the accumulation of seed storage proteins is regulated by an 
integrated genetic and physiological network (Golombek et al., 2001; Gutierrez et al., 2007; 
102 
 
Schmidt et al., 2011). It has already been reported that the transcripts level of storage protein 
coding genes changes across the seed developmental stages in soybean (Jones et al., 2010; Jones 
and Vodkin, 2013). Our ribosome profiling data showed the mRNA abundance, ribosome 
footprint abundance and translational efficiencies of seed storage protein coding genes in 
soybean cotyledons where these proteins are accumulated. We extensively investigated the 
expression profiles of the seed storage proteins such as lectins, glycinins, beta-conglycinins, 
trypsin protease inhibitors, albumins and globulins. They have multiple members in their 
families. Most of the members of these seed storage protein coding genes showed similar 
expression patterns in cotyledons where the highest level of transcripts were found at the mid 
stage when the seed fresh weight ranges from 100-200 mg (Table 5.6 and Figure 5.9). In contrast, 
the peak ribosome footprint level was found at the late developmental stage even though there is 
not much difference in translational efficiencies across development (Figure 5.9). All the seed 
storage proteins especially lectins, glycinins, beta-conglycinins and trypsin protease inhibitors 
showed substantial level of mRNA abundance and ribosome footprint abundance (Table 5.6 and 
Figure 5.9). It has already been reported that beta-conglycinin and some other seed proteins are 
regulated primarily at the transcriptional level during the seed development (Harada et al., 1989; 
Walling et al., 1986). But the silencing of particular seed storage proteins by transgenic 
approaches may result in rebalancing the proteome by enhancing the translation of other seed 
storage protein coding genes (Schmidt et al., 2011). 
 The representative seed lectin (Glyma02g01590.1) showed peak mRNA abundance of 
1259 RPKMs in the mid stage whereas the peak footprint abundance of 2279 RPKMs was found 
in the late stage (Figure 5.9 and 5.10). The translational efficiency (TE) of the seed lectin gene 
across development ranges from 1.3 to 2.1 (Table 5.6 and Figure 5.10). It indicates there is no 
significant change in translational efficiencies across the seed developmental stages. Based on 
our ribosome profiling data, other seed storage protein coding genes showed a similar expression 
pattern. For all these storage proteins, the translational efficiencies range from about 1 to 2 
(Table 5.6 and Figure 5.9). It indicates that there is not much translational regulation along with 
the changes in seed development stages. On the contrary, there is a significant change in mRNA 
abundance along with the changes in developmental stages (Table 5.6 and Figure 5.9). So, the 
seed storage protein coding genes are regulated primarily at the transcriptional level in 
cotyledons across the seed developmental stages. 
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In summary, we have identified a number of genes with high translational efficiencies 
both in cotyledons and seed coats during different seed developmental stages. Some of them 
showed the significant level of translational regulation across soybean seed development. But the 
seed storage protein coding genes did not show any significant level of translational regulation 
since their translational efficiencies demonstrated very slight changes across the seed 
developmental stages. Additionally, our ribosome profiling data will serve as a good resource for 
legume researchers to study translational regulation.  
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FIGURES AND TABLES 
 
 
 
Figure 5.1. Biological replicates of cotyledon samples show high reproducibility within RNA 
sequencing as well as ribosome profiling libraries. RNA sequencing correlation graph shown in 
blue color (left) whereas ribosome footprint graph shown in red color (right).  The calculated 
correlation coefficient (R
2
) is shown for both RNA sequencing and ribosome footprint samples. 
C25 denotes early stage cotyledons of 25-50 mg, C100 denotes mid stage cotyledons of 100-200 
mg and C300 denotes late stage cotyledons of 300-400 mg. 
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Figure 5.2. Correlation coefficient for biological replicates of seed coat samples. RNA 
sequencing correlation graph shown in blue color (left) whereas ribosome footprint graph shown 
in red color (right).  The calculated correlation coefficient (R
2
) is shown for both RNA 
sequencing and ribosome footprint samples. SC25 denotes early stage seed coat of 25-50 mg and 
SC100 denotes mid stage seed coat of 100-200 mg. 
 
 
 
 
 
 
 
106 
 
 
 
Figure 5.3. Distribution of RNA sequence reads by length in the biological replicate 1 (left) and 
biological replicate 2 (right) of cotyledon samples of different seed developmental stages. C25 
denotes early stage cotyledons of 25-50 mg, C100 denotes mid stage cotyledons of 100-200 mg 
and C300 denotes late stage cotyledons of 300-400 mg. 
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Figure 5.4. Distribution of RNA sequence reads by length in the biological replicate 1 (left) and 
biological replicate 2 (right) of seed coat samples of different seed developmental stages. SC25 
and SC100 denote early stage seed coats of 25-50 mg and mid stage seed coats of 100-200 mg. 
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Figure 5.5. Distribution of ribosome footprint reads by length in the biological replicate 1 (left) 
and biological replicate 2 (right) of cotyledon samples of different seed developmental stages. 
C25 denotes early stage cotyledons of 25-50 mg, C100 denotes mid stage cotyledons of 100-200 
mg and C300 denotes late stage cotyledons of 300-400 mg. 
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Figure 5.6. Distribution of ribosome footprint reads by length in the biological replicate 1 (left) 
and biological replicate 2 (right) of seed coat samples of different seed developmental stages. 
SC25 and SC100 denote early stage seed coats of 25-50 mg and mid stage seed coats of 100-200 
mg. 
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Figure 5.7. Clusters of gene models with higher translational efficiency (TE) at different seed 
developmental stages. Clusters were created from average estimates of data from two biological 
replicates. a. Gene models with TE≥5 in early stage (C25) and TE<5 in two other stages. b. Gene 
models with TE≥5 in mid stage (C100) and TE<5 in two other stages. c. Gene models with TE≥5 
in late stage (C300) and TE<5 in two other stages. C25 denotes early stage cotyledons of 25-50 
mg, C100 denotes mid stage cotyledons of 100-200 mg and C300 denotes late stage cotyledons 
of 300-400 mg. 
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Figure 5.8. Representative gene models from clusters shown in Figure 5.7. a. Subtilisin-like 
serine protease (Glyma04g02460.1) shows higher translational efficiency during early stage 
(C25) of seed development. b. Cysteine protease (Glyma06g42480.1) shows higher translational 
efficiency during early stage (C25). c. Zinc finger transcription factor (Glyma11g17940.1) shows 
higher translational efficiency during mid stage (C100). d. Another zinc finger transcription 
factor (Glyma19g36430.1) shows higher translational efficiency during late stage (C300). 
mRNA abundance is shown in blue, ribosome footprint abundance is shown in red, and 
translational efficiency shown in green. 
 
 
 
Figure 5.8. Representative gene models from clusters shown in Figure 5.7. A. Subtilisin-like 
serine protease (Glyma04g02460.1) shows higher translational efficiency during early stage 
(C25) of seed development. B. Cysteine protease (Glyma06g42480.1) shows higher translational 
efficiency during early stage (C25) of seed development. C. Zinc finger transcription factor  
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Figure 5.9. Expression profiles of major seed storage proteins during soybean seed development. 
Left panel shows mRNA abundance (blue) and ribosome footprint abundance (red). Right panel 
shows translational efficiency (green) of these seed storage proteins during different seed 
developmental stages. C25 denotes early stage cotyledons of 25-50 mg, C100 denotes mid stage 
cotyledons of 100-200 mg and C300 denotes late stage cotyledons of 300-400 mg. 
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Figure 5.10. Expression profile of seed lectin. a. Changes in mRNA abundance (blue), ribosome 
footprint abundance (red) and translational efficiency (green) of seed lectin during soybean seed 
developmental stages. b. mRNA abundance (shown in blue) and ribosome footprint abundance 
(shown in red) along the coding sequence of lectin gene. Ribosome footprints indicate the total 
number of ribosomes that are engaged in synthesizing a protein. The more the ribosome density 
across the protein coding sequence of a transcript, the greater the potential of that transcript to be 
translated into protein. 
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Table 5.1. Oligonucleotides used in RNA sequencing and ribosome footprint library preparation  
Oligonucleotide Sequence (5'-3') 
Upper Marker AUGUACACGGAGUCGAGCUCAACCCGCAACGCGA-(Phos) 
Lower Marker AUGUACACGGAGUCGACCCAACGCGA-(Phos) 
Linker 1/5rApp/CTGTAGGCACCATCAAT/3ddC/ 
RT Primer (Phos)-AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTAGATCTCGGTGGTCGC- 
 
(SpC18)-CAC TCA-(SpC18)-TTCAGACGTGTGCTCTTCCGATCTATTGATGGTGCCTACAG 
Forward Primer AATGATACGGCGACCACCGAGATCTACAC 
Reverse Primer 1 CAAGCAGAAGACGGCATACGAGATAGTCGTGTGACTGGAGTTCAGACGTGTGCTCTTCCG 
Reverse Primer 2 CAAGCAGAAGACGGCATACGAGATACTGATGTGACTGGAGTTCAGACGTGTGCTCTTCCG 
Reverse Primer 3 CAAGCAGAAGACGGCATACGAGATATGCTGGTGACTGGAGTTCAGACGTGTGCTCTTCCG 
Reverse Primer 4 CAAGCAGAAGACGGCATACGAGATACGTCGGTGACTGGAGTTCAGACGTGTGCTCTTCCG 
Reverse Primer 5 CAAGCAGAAGACGGCATACGAGATAGCTGCGTGACTGGAGTTCAGACGTGTGCTCTTCCG 
Reverse Primer 6 CAAGCAGAAGACGGCATACGAGATATCGTAGTGACTGGAGTTCAGACGTGTGCTCTTCCG 
Reverse Primer 7 CAAGCAGAAGACGGCATACGAGATCGTCAGGTGACTGGAGTTCAGACGTGTGCTCTTCCG 
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Table 5.2. Summary of RNA sequencing and ribosome profiling reads 
 
Library 
 Raw 
Reads 
Reads Processed 
in Bowtie 
Total Mapped 
Reads 
rDNA 
Reads 
Gene Mapped 
Reads Dev Stage Tissue 
RP2502C 89,827,739 54,279,162 93,251,411 56,597,635 36,653,776 25-50 mg Cotyledon 
RP2502T 51,640,489 25,036,524 92,668,084 84,879,277 7,788,807 25-50 mg  Cotyledon 
RP2503C 117,429,021 54,963,818 87,453,732 51,575,671 35,878,061 25-50 mg Seed Coat 
RP2503T 50,150,107 23,324,959 37,287,922 31,133,691 6,154,231 25-50 mg  Seed Coat 
RP1003C 49,802,836 38,904,291 54,519,200 41,761,682 12,757,518 100-200 mg Cotyledon 
RP1003T 86,277,212 42,644,648 24,570,108 14,590,047 9,980,080 100-200 mg  Cotyledon 
RP1004C 87,011,298 17,155,890 25,408,482 13,102,360 12,306,122 100-200 mg Seed Coat 
RP1004T 57,960,236 28,438,913 30,400,261 25,387,770 5,012,491 100-200 mg  Seed Coat 
RP3001C 89,657,937 44,320,765 56,818,142 38,816,917 18,002,460 300-400 mg  Cotyledon 
RP3001T 82,331,167 13,734,711 7,901,980 2,932,076 4,969,933 300-400 mg Cotyledon 
 
 
Library 
 Raw 
Reads 
Reads Processed 
in Bowtie 
Total Mapped 
Reads 
rDNA 
Reads 
Gene Mapped 
Reads Dev Stage Tissue 
RP2505C 113,415,356 34,066,588 58,321,819 26,105,223 32,216,596 25-50 mg Cotyledon 
RP2505T 77,525,914 35,911,773 75,215,557 66,018,579 9,196,978 25-50 mg  Cotyledon 
RP2506C 62,003,536 25,954,197 55,902,081 28,085,564 27,816,517 25-50 mg Seed Coat 
RP2506T 58,241,888 13,732,515 25,629,417 19,048,927 6,580,490 25-50 mg  Seed Coat 
RP1005C 81,333,445 39,639,476 87,455,232 53,098,244 34,356,988 100-200 mg Cotyledon 
RP1005T 100,907,777 24,435,470 56,871,410 50,417,618 6,453,792 100-200 mg  Cotyledon 
RP1006C 46,903,091 23,941,293 44,050,162 21,279,719 22,770,443 100-200 mg Seed Coat 
RP1006T 72,276,634 16,785,116 34,219,052 24,073,876 10,145,176 100-200 mg  Seed Coat 
RP3003C 66,928,832 43,272,494 76,976,365 56,952,414 20,023,951 300-400 mg  Cotyledon 
RP3003T 66,026,031 15,038,556 19,915,378 11,009,273 8,906,105 300-400 mg Cotyledon 
 
Library name starts with RP25 refers to early stage (25-50 mg seed weight range) 
Library name starts with RP100 refers to mid stage (100-200 mg seed weight range) 
Library name starts with RP300 refers to late stage (300-400 mg seed weight range) 
Library name ends with C denotes RNA sequencing libraries  
Library name ends with T denotes ribosome footprint libraries 
 
 
 
 
 
Biological Replicate 1 
Biological Replicate 2 
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Table 5.3. Annotations for gene models shown in Figure 5.7. 
 
  
Annotation Number of Gene Models 
Figure 5.7a       116 total 
Cysteine protease 10 
Gibberellin regulated protein 7 
LTP family protein 7 
Subtilisin-like serine protease 7 
Flavanone 3-hydroxylase 5 
MADS-box transcription factor 5 
Extensin-like proline rich protein 4 
Serine carboxypeptidase 4 
Unknown function 28 
Others 39 
Figure 5.7b        166 total 
Zinc finger transcription factor   9 
Delta-1-pyrroline-5-carboxylate dehydrogenase   5 
ATPase family protein   4 
Serine-threonine protein kinase   4 
Glycosyltransferase 3 
RNA-directed DNA polymerase   3 
Unknown function 46 
Others 9 
Figure 5.7c        176 total 
Zinc finger transcription factor   9 
Auxin-induced protein   7 
Serine-threonine protein kinase   6 
bHLH transcription factor   4 
ABC transporter   3 
Ubiquitin-conjugating enzyme   3 
Unknown function  58 
Others  86 
 
The gene models in the clusters shown in Figure 5.7, divided into representative PFAM and 
NCBI non-redundant database annotation groups along with the number of gene models in each 
group. The group ‘‘Others’’ represents a miscellaneous category of remaining annotations. 
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Table 5.4. Annotations of gene models with higher translational efficiency (TE) in early and mid 
stages of seed development. 
 
Higher TE in seed coats at early stage (SC25)  
Annotation Group Number of Gene Model 
Receptor like serine-threonine protein kinase 4 
Chaperone protein 2 
DNA binding protein 2 
Rop guanine nucleotide exchange factor 2 
Zinc ion binding protein 2 
Unknown protein 41 
Others 40 
Total 93 
 
Higher TE in seed coats at mid stage (SC100) 
Annotation Group Number of Gene Model 
MYB family transcription factor 12 
Zinc finger transcription factor 6 
Glycosyltransferase 4 
Serine-threonine protein kinase 4 
Triose phosphate/phosphate translocator 4 
Heat shock protein 3 
Methyltransferase 3 
PPR repeat containing protein 3 
Ribosomal protein 3 
ATPase family protein  2 
Auxin-induced protein 2 
Chaperone protein 2 
E3 ubiquitin-protein ligase 2 
Kinesin like protein 2 
LTP family protein 2 
NADH dehydrogenase 2 
Phospholipid-transporting atpase 2 
Serine carboxipeptidase 2 
Triacylglycerol lipase 2 
Triosephosphate isomerase 2 
WD40-repeat containing protein 2 
Unknown protein 59 
Others 55 
Total 180 
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Table 5.5. Genes with no ribosome footprints in cotyledons and seed coats 
 
Gene Model C25CT C100CT C300CT C25FP C100FP C300FP Annotation 
   (RPKM)     
Glyma14g06860.1 33.24 1.60 2.34 0.1 0.1 0.1 Unknown protein 
Glyma08g09030.1 25.01 2.78 4.65 0.1 0.1 0.1 Unknown protein 
Glyma12g15020.1 23.59 4.30 6.24 0.1 0.1 0.1 Auxin-induced protein 
Glyma06g43130.1 18.80 3.48 4.28 0.1 0.1 0.1 Auxin-induced protein 
Glyma01g23000.1 18.63 12.64 8.64 0.1 0.1 0.1 Zinc finger TF 
Glyma20g36420.1 17.57 2.86 1.55 0.1 0.1 0.1 Unknown protein 
Glyma0079s00220.1 16.58 3.06 3.76 0.1 0.1 0.1 Auxin-induced protein 
Glyma18g36700.1 14.18 11.92 9.09 0.1 0.1 0.1 Methyltransferase 
Glyma02g13440.1 13.86 13.41 3.32 0.1 0.1 0.1 Unknown protein 
Glyma19g25790.1 12.50 16.27 4.28 0.1 0.1 0.1 MYB family TF 
Glyma20g32310.1 11.01 7.25 3.58 0.1 0.1 0.1 DVL family protein 
Glyma01g38420.1 10.98 1.33 2.74 0.1 0.1 0.1 F-box family protein 
Glyma09g41860.1 10.68 0.66 1.00 0.1 0.1 0.1 Zinc finger TF 
Glyma09g22540.1 8.35 3.20 14.61 0.1 0.1 0.1 Caleosin protein 
Glyma10g44030.1 6.54 13.39 3.16 0.1 0.1 0.1 HMG family protein 
Glyma06g07650.1 5.16 16.58 2.63 0.1 0.1 0.1 Glycosyl hydrolase 
Glyma13g07390.1 5.02 10.86 2.27 0.1 0.1 0.1 Nodulin-like protein 
Glyma01g09260.1 4.35 3.06 10.57 0.1 0.1 0.1 Unknown protein 
Glyma04g02620.1 3.90 13.03 2.17 0.1 0.1 0.1 Unknown protein 
Glyma14g25600.1 3.03 11.42 0.90 0.1 0.1 0.1 Unknown protein 
Glyma01g08750.1 1.93 0.76 17.14 0.1 0.1 0.1 Unknown protein 
Glyma01g43440.1 1.57 14.71 4.77 0.1 0.1 0.1 Unknown protein 
 
 
Gene Model SC25CT SC100CT SC25FP SC100FP Annotation 
   (RPKM)    
Glyma14g12760.1 12.86 2.85 0.1 0.1 E3 ubiquitin-protein ligase 
Glyma10g10670.1 10.31 10.83 0.1 0.1 MADS-box transcription factor 
 
C25 denotes early stage cotyledons of 25-50 mg, C100 denotes mid stage cotyledons of 100-200 
mg and C300 denotes late stage cotyledons of 300-400 mg. CT refers to normalized RNA reads 
and FP refers to normalized ribosome footprint reads. 
 
 
Cotyledons Libraries 
Seed Coats  Libraries 
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Table 5.6. Major seed storage proteins with normalized (RPKM) expression data for mRNA 
abundance and ribosome footprint abundance in cotyledons of different seed developmental 
stages 
 
C25 denotes early stage cotyledons of 25-50 mg, C100 denotes mid stage cotyledons of 100-
200mg and C300 denotes late stage cotyledons of 300-400 mg. CT refers to normalized RNA 
reads, FP refers to normalized ribosome footprint reads and TE refers to translational efficiency 
(TE). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Gene Model 
C25 
CT 
C100 
CT 
C300 
CT 
C25 
FP 
C100 
FP 
C300 
FP 
C25 
TE 
C100 
TE 
C300 
TE Annotation 
Glyma02g01590.1 184 1259 1044 338 1675 2279 1.8 1.3 2.1 Lectin 
Glyma10g01620.1 64 394 270 116 320 468 1.8 0.81 1.7 Lectin 
Glyma03g32020.1 327 3859 3306 613 4431 6368 1.8 1.1 1.9 Glycinin 
Glyma03g32030.1 315 4014 3404 612 4711 6628 1.9 1.1 1.9 Glycinin 
Glyma20g28650.1 955 5063 3904 1342 5223 6147 1.4 1.03 1.5 Beta-conglycinin 
Glyma10g39150.1 897 4360 3463 1263 4460 5444 1.4 1.02 1.5 Beta-conglycinin 
Glyma01g10900.1 288 1049 1062 479 1627 2206 1.6 1.5 2.07 Trypsin inhibitor 
Glyma08g45530.1 847 2330 2314 1549 3653 5699 1.8 1.5 2.4 Trypsin inhibitor 
Glyma13g26340.1 70 260 422 80 336 870 1.1 1.2 2.06 Albumin 
Glyma11g15870.1 13 107 130 15 80 205 1.1 0.75 1.5 Globulin 
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APPENDIX A 
 
PROTOCOL FOR CHROMATIN IMMUNOPRECIPITATION SEQUENCING 
 
ChIP-Seq experiment was performed following the combination of two articles (Kaufmann et al., 
2010; Ricardi et al., 2010). 
Plant Materials and Crosslinking  
 
1. Harvest multiple cotyledons from soybean seedling developmental stage 4 and stage 5. 
 
2. Cross section 0.08 g of fresh cotyledons with a razor blade and place them in a falcon 
tube. 
 
3. Rinse two times with 50 ml of deionized (DI) water by gently shaking. 
 
4. Remove all water and submerge the cotyledons in 37 ml of cold extraction buffer 1 that 
contains 1% formaldehyde. Components of extraction buffer 1: 0.44 M sucrose, 10 mM 
Tris-HCl, pH 8.0, and 5 mM β-ME. 
 
5. Vacuum infiltrate for 10 min. The solution will boil, and the leaves should appear 
translucent.  
 
6. Add 2.5 ml of 2 M glycine mix well and vacuum infiltrate for 5 additional min to stop 
crosslinking. 
 
7. Remove buffer and rinse twice with deionized (DI) water. Remove excess water as 
thoroughly as possible with a paper towel. 
 
Nuclei Isolation from Cotyledon Tissues 
1. Grind the tissue to a fine powder with a pre-cooled mortar and pestle and liquid nitrogen.  
 
2. Resuspend the powder in 30-40 ml of cold extraction buffer1. Unless otherwise specified, 
all of the following steps should be done at 0-4 °C. 
 
3. Filter through 60 μm nylon mesh and collect in a 50 ml falcon tube. 
 
4. Centrifuge the filtered solution for 20 min at 4000 rpm at 4 °C. 
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5.  Remove the supernatant and resuspend the pellet in 10 ml of extraction buffer 2. 
Components of extraction buffer 2: 0.25 M sucrose, 10 mM Tris-HCl, pH 8.0, 10 mM 
MgCl2, 1% Triton X-100, 5 mM β-ME, and 1× protease inhibitor cocktail. 
 
6. Incubate for 10 min on ice to lyse chloroplasts and centrifuge for 10 min at 4000 rpm and 
remove the supernatant and add 10 ml of extraction buffer 2 and repeat centrifugation for 
10 min at 4000 rpm at 4 °C. 
 
7.  Remove the supernatant and resuspend the pellet in 4 ml of extraction buffer 2 without 
Triton X-100. 
 
8. Centrifuge for 20 min at 4000 rpm and resuspend the pellet in 4 ml of Percoll extraction 
buffer. Components of Percoll extraction buffer: 95% V/V Percoll, 0.25 M sucrose, 10 
mM Tris-HCl, pH 8.0, 10 mM MgCl2, 5 mM β-ME, and 1× protease inhibitor cocktail. 
 
9.  Centrifuge for 10 min at 14000 rpm 
 
10.  Carefully take the upper phase and dilute it at least 5 times using nuclei resuspension 
buffer. Components of nuclei resuspension buffer: 10% Glycerol, 50 mM Tris-HCl, pH 
8.0, 5 mM MgCl2, 10 mM β-ME, and 1× protease inhibitor cocktail. 
 
11. Centrifuge for 10 min at 14000 rpm. 
 
12. Discard the supernatant and resuspend the pellet in 4 ml of nuclei resuspension buffer. At 
this step, the samples can be stored at -20 °C. 
 
Shearing of Chromatin 
1. Centrifuge the samples from the last step for 10 min at 14000 rpm. 
 
2. Resuspend the pellet in 0.5 ml of nuclei lysis buffer in 2 ml eppendorf tube. Components 
of nuclei lysis buffer: 50 mM Tris-HCl, pH 8.0, 10 mM EDTA, 1% SDS, and 1× protease 
inhibitor cocktail. 
 
3. Sonicate chromatin using the 15% power setting and fifteen times for 20 second pulses 
using a Branson digital probe sonifier to shear DNA into 200- to 600-bp fragments. 
 
4. Centrifuge the suspension in a microcentrifuge at 14000 rpm for 10 min at 4 °C. Transfer 
the supernatant to a new 2 ml tube and spin again for 5 min at 14000 rpm at 4 °C. 
Transfer the supernatant into a new tube. 
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5. Check the degree of sonication by running 1.5% Agarose gel 
 
6. Now the samples from step 4 can be stored at -20 °C for next steps. 
 
Chromatin Immunoprecipitation 
1. Quantify the DNA using Qubit fluorometer (Invitrogen). The minimal amount of DNA 
required to continue is about 10 μg. Then keep 4-5 ug of DNA as Input control DNA.  
 
2. Add 5 μl of pre-immune serum to preclear chromatin and incubate 50 min at 4 °C on a 
rotating wheel.  
 
3. Centrifuge at 14000 rpm for 5 min and transfer the supernatant to a new tube. 
 
4. Add 40 μl of protein A/G Plus agarose beads (Santa Cruz Biotechnology, Santa Cruz, 
CA, USA) with sheared salmon sperm DNA (at 0.2 mg/ml final concentration) and 0.5 
mg/ml BSA in a 2 ml tube. 
 
5. Centrifuge at 4000 rpm for 5 min at 4 °C and transfer the supernatant to a new tube. 
 
6. Split the chromatin sample (approx. 450 μl) into three tubes of equal volume (150 μl) and 
dilute 1:10 (up to 1.5 ml) in ChIP dilution buffer. Components of ChIP dilution buffer: 
1.1% Triton X-100, 1.2 mM EDTA, 167 mM NaCl, 16.7 mM Tris-HCl, pH 8.0, and 1× 
protease inhibitor cocktail. 
 
7. Wash the beads three times with 1 ml ChIP dilution buffer. Pellet beads by centrifuging 
for 5 min at 2000 rpm. After each wash, carefully pipette off and discard exactly 1 ml of 
supernatant in order to maintain the original bead volume.  
 
8. Add 2-3 ul of (specific NAC and YABBY) antibodies to each tube except the control 
tubes and incubate overnight at 4 °C.  
 
9. Centrifuge at 4000 rpm for 5 min to pellet the beads. 
 
10. Wash with low salt buffer (20 mM Tris-HCl, pH 8.0, 150 mM NaCl, 0.1% SDS, 1% 
Triton X-100, and 2 mM EDTA). 
 
11. Wash with high salt buffer (20 mM Tris-HCl, pH 8.0, 500 mM NaCl, 0.1% SDS, 1% 
Triton X-100, and 2 mM EDTA). 
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12. Wash with LiCl wash buffer (0.25 M LiCl, 1% NP-40, 1% sodium deoxicholate, 1 mM 
EDTA, and 10 mM Tris-HCl, pH 8.0). 
 
13. Wash with TE buffer. After the final wash, remove TE thoroughly.   
 
14. Add 250 μl of freshly prepared elution buffer to dissociate the bead-bound complexes. 
 
15. Vortex for 1min and incubate for 15 min at 65 °C with gentle shaking. 
 
16. Centrifuge at 4000 rpm for 5 min to pellet the beads. Repeat this elution step. 
 
17.  At this step, the samples can be stored at -20 °C. 
 
Reverse Crosslinking and DNA Recovery 
1. Add 20 μl of 5 M NaCl to the eluate and incubate for 6 hr at 65 °C to reverse the 
crosslinking. To prevent evaporation, completely submerge the samples in a water bath or 
use mineral oil if a dry block is used. 
 
2. Add 10 μl of 0.5 M EDTA, 20 μl of 1 M Tris-HCl pH 6.8 and 1.5 μl of 14 mg/ml 
proteinase K to the eluate and incubate for 1 h at 45 °C. 
 
3. Precipitate DNA with 2.5 vol 100 % ethanol, 1/10 vol of 3 M NaAc pH 5.4 and 1 μl 
glycogen overnight at -20 °C. 
 
4. Centrifuge for 20 min at 14000 rpm at 4 °C. 
 
5. Discard the supernatant and resuspend pellet containing DNA in 100 μl nuclease free 
water. 
 
6. At this step, DNA can be stored at -20 °C for ChIP-Seq library construction.  
 
ChIP-Seq Library Construction and Sequencing 
ChIP-Seq library construction and high-throughput sequencing was carried out by the Illumina 
HiSeq2000 at the Keck Center, University of Illinois at Urbana-Champaign.   
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APPENDIX B 
 
MULTIPLE SEQUENCE ALIGNMENTS 
 
 
Multiple sequence alignments of specific members of NAC and YABBY transcription factors are 
presented below. 
 
Multiple sequence alignments of four specific members of NAC transcription factors 
 
 
 
 
These gene models encoding NAC transcription factors are expressed during soybean seedling 
development. The sequence within the black rectangle is the synthetic peptide sequence used to 
develop antibody against NAC transcription factors. 
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Multiple sequence alignments of ten specific members of YABBY transcription factors 
 
 
 
 
These gene models encoding YABBY transcription factors are expressed during soybean 
seedling development. Two of these gene models (within black rectangle) showed high sequence 
homology. The sequence within the black rectangle is the synthetic peptide sequence used to 
develop antibody against YABBY transcription factors. 
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APPENDIX C 
 
PROTOCOL FOR DEGRADOME SEQUENCING 
 
 
 
Important Notes (According to the Oligotex Kit Manuals) 
 
• Heat Oligotex Suspension to 37 °C in a water bath or heating block. Mix by vortexing 
and then place at room temperature. 
 
• Heat a water bath or heating block to 70 °C, and heat Buffer OEB. 
 
• Buffer OBB may form a precipitate upon storage. If necessary, redissolve by warming at 
37 °C, and then place at room temperature. 
 
• Unless otherwise indicated, all protocol steps, including centrifugation, should be 
performed at 20 to 30 °C. 
 
• All centrifugation steps should be performed in a microcentrifuge at 14000 rpm 
 
 
 
Poly (A) RNA Extraction Using the Oligotex Kit (Qiagen) 
 
1. Take 250 µg of total RNA into an RNase-free 1.5 ml microcentrifuge tube. 
 
2. Add RNAse free water to make total volume 250 µl. 
 
3. Add 250 µl of Buffer OBB and 15 µl Oligotex Suspension. Mix the contents thoroughly 
by pipetting or flicking the tube. 
 
4. Incubate the sample for 3 min at 70 °C in a water bath or heating block. 
 
5. Remove sample from the water bath/heating block, and place at room temperature for 10 
min. 
 
6. Pellet the Oligotex:mRNA complex by centrifugation for 2 min at 14000 rpm and 
carefully remove the supernatant by pipetting. Loss of the Oligotex resin can be avoided 
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if approximately 50 μl of the supernatant is left in the microcentrifuge tube. The 
remaining solution will not affect the procedure. 
 
7. Resuspend the Oligotex:mRNA pellet in 400 μl of Buffer OW2 by vortexing or pipetting, 
and pipet onto a  small spin column placed in a 1.5 ml microcentrifuge tube. Centrifuge 
for 1 min at14000 rpm. 
 
8. Transfer the spin column to a new RNase-free 1.5 ml microcentrifuge tube, and apply 
400 μl of Buffer OW2 to the column. Centrifuge for 1 min at 14000 rpm and discard the 
flow-through. 
 
9. Transfer spin column to a new RNase-free 1.5 ml microcentrifuge tube. Pipet 20 μl hot 
(70 °C) Buffer OEB onto the column, pipet up and down 3 or 4 times to resuspend the 
resin, and centrifuge for 1 min at14000 rpm. 
 
10. To ensure maximal yield, pipet another 20 μl hot (70 °C) Buffer OEB onto the column. 
Pipet up and down 3 or 4 times to resuspend the resin, and centrifuge for 1 min at 14000 
rpm. 
 
Note: To keep the elution volume low, the first eluate was used for a second elution. 
Reheat the eluate to 70 °C, and elute in the same microcentrifuge tube. However, for 
maximal yield, the additional volume of Buffer OEB is recommended. 
 
 
Ligation of the 5´-Adapter 
 
Adapter sequence is given in the Table 4.1 (Chapter 4) 
 
1. Assemble the following components in a nuclease-free tube on ice: ~1 µg of poly (A) 
RNA in 15 µl of elution buffer , 1 µl (200 µM) of 5´-RNA adapter, 2 µl of 10X RNA 
ligase buffer, 2 µl of T4 RNA ligase, and nuclease-free water to make a final volume of 
20 µl. 
 
2. Mix gently and incubate at 37 °C for 1 h. 
 
3. Add 280 µl of nuclease-free water to the reaction, and extract once with 300 µl of 
phenol:chloroform:isoamyl alcohol (25:24:1) and extract once with 300 µl of 
chloroform:isoamyl alcohol (24:1). In both cases, centrifuge at 12500 rpm for 10 min. 
 
4. Add 1 µl of Glycoblue, 30 µl of 3 M NaOAc and 600 µl of cold 100% ethanol. 
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5. Place the samples in the -80 °C freezer for at least 30 min. 
 
6. Centrifuge at 4 °C for 30 min at14000rpm.  
 
7. Wash with 500 µl of 70% ethanol, and discard the supernatant.  
 
8. Vacuum-dry, and resuspend in 250 µl of nuclease-free water. 
 
9. Remove unligated adapters by purifying the poly (A) RNA with Oligotex kit according to 
the manufacturer’s directions.  
 
 
Reverse Transcription of Adapter Ligated RNA Fragments 
 
RT primer sequence is given in the Table 4.1 (Chapter 4) 
 
1. Assemble the following in a nuclease-free tube on ice: 500 ng of purified ligated RNA 
dissolved in 28 µl of elution buffer, 2 µl of 3´-adapter (dT) primer (50 µM), and 
nuclease-free water to a final volume of 30 µl.  
 
2. Heat to 65 °C for 5 min. Then mix gently and keep at room temperature to cool. 
 
3. Add the following: 10 µl of 5X first-strand buffer, 2.5 µl of dNTP mix (10 mM each), 2.5 
µl of 0.1 M DTT, 2 µl of RNaseOUT (40 U/µl), and 3 µl of SuperScript II (200 U/µl). 
 
4. Incubate the tube at 42–45 °C for 3 h. finish the reaction at 70 °C for 10 min. 
Note: It is possible at this step to store for several days at –20 °C for later use. 
 
5. Add 250 µl of nuclease-free water to the reaction. 
Note: Avoid disturbing the pellet. 
 
6. Add 280 µl of nuclease-free water to the reaction, and extract once with 300 µl of phenol: 
chloroform: isoamyl alcohol (25:24:1) and extract once with 300 µl of chloroform: 
isoamyl alcohol (24:1). In both cases, Centrifuge at 12500 rpm for 10 min. 
 
7. Add 1 µl of Glycoblue, 30 µl of 3 M NaOAc and 600 µl of cold 100% ethanol. 
 
8. Keep in the -80 °C freezer for at least 30 min. 
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9.  Centrifuge at 4 °C for 30 min at14000rpm.  
 
10. Wash with 500 µl of 70% ethanol, and discard the supernatant.  
 
11. Vacuum-dry, and resuspend in 7 µl of nuclease-free water. 
 
 
PCR Amplification of cDNA 
 
Primer sequences are given in the Table 4.1 (Chapter 4) 
 
1. Add the following into two PCR tubes on ice (identical reactions): 3 µl of cDNA, 32 µl 
of nuclease-free water, 10 µl of 5X HF buffer, 0.5 µl of dNTP mix (12.5 mM each), 2 µl 
of 5´-adapter primer (10 µM), 2 µl of 3´-adapter primer (10µM), and 0.5 µl of Phusion. 
 
2. Run the following PCR program: (i) 98 °C for 30 s; (ii) 98 °C for 20 s, 60 °C for 30 s and 
72 °C for 3 min for 6 cycles; (iii) 72 °C for 7 min. 
 
3. Combine the tubes from last step; add 200 µl of nuclease-free water. 
 
4. Add 280 µl of nuclease-free water to the reaction, and extract once with 300 µl of phenol: 
chloroform: isoamyl alcohol (25:24:1) and extract once with 300 µl of chloroform: 
isoamyl alcohol (24:1). In both cases, Centrifuge at 12500 rpm for 10 min. 
 
5. Add 1 µl of Glycoblue, 30 µl of 3 M NaOAc and 600 µl of cold 100% ethanol. 
 
6. Keep in the -80 °C freezer for at least 30 min. 
 
7.  Centrifuge at 4 °C for 30 min at14000rpm.  
 
8. Wash with 500 µl of 70% ethanol, and discard the supernatant.  
 
9. Vacuum-dry, and resuspend in 250 µl of nuclease-free water. 
 
10. Clean the products with Microcon columns according to the manufacturer’s instructions. 
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Restriction Digestion with MmeI enzyme 
 
1. Add the following to 2–5 µg of the PCR clean product dissolved in 22 µl of nuclease-free 
water, 3 µl of 10X NEB no. 4 buffer, 3 µl of 10X SAM (500 µM), and 2 µl of MmeI 
(2U/µl). 
Note: It is important to keep a stoichiometric relationship between MmeI and its 
substrate. 
 
2. Place at 37 °C for 2 h with occasional rotation. 
 
3. Add 2 µl of shrimp alkaline phosphatase and dephosphorylate for 1 h at 37 °C. 
 
 
Polyacrylamide Gel Electrophoresis 1 (PAGE-1) and Purification of Desired Fragments 
 
1. Add 6X DNA loading buffer to the dephosphorylated MmeI digest from last step, and 
load three lanes of the polyacrylamide gel with 14 µl each, and one lane with 10-bp DNA 
ladder. 
 
1. Run gel at 166 V until good separation of bromophenol blue and xylene cyanol (run for 
about 40 min), and stain in ethidium bromide (200 µl of 10mg/ml) in gel tray for 10 min 
and destain with water for another 3-4 min. 
 
2. Slice corresponding gel bands (42 nt) containing the MmeI cleaved fragments. 
 
3. From the tube opening, puncture the bottom of a sterile, nuclease‐free, 0.5 ml 
microcentrifuge tube (Actually PCR tube) 3–4 times with a 21‐gauge needle, Place the 
0.5 ml microcentrifuge tube into a sterile, round‐bottom, nuclease‐free, 2 ml 
microcentrifuge tube. 
 
4. Put the sliced 42 bp bands into the 0.5 ml PCR tube. 
 
5. Centrifuge the stacked tubes on a benchtop microcentrifuge to 14,000 rpm for 2 minutes 
at room temperature to move the gel through the holes into the 2 ml tube. Ensure that the 
gel has all moved through the holes into the bottom tube. 
 
6. Add 100-300 μl (based on gel pieces to ensure it is fully dissolved) of 1X gel elution 
buffer to the gel debris in the 2 ml tube. 
 
7. Elute the DNA by rotating the tube gently at room temperature for 2 hours or overnight if 
necessary. 
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8. Transfer the elute and the gel debris to the top of a Spin‐X cellulose acetate filter. 
 
9. Centrifuge the filter a benchtop microcentrifuge to 14,000 rpm for 2 minutes at room 
temperature. 
 
10. Add 1 μl of Glycogen, 10-30 μl of 3M NaOAc (based on amount of EB buffer added), 
and 2.5 volume (~600-700 μl ) of pre‐chilled, ‐15 ° to ‐25 °C 100% Ethanol to the Spin‐X 
tube. 
 
11. Immediately centrifuge the Spin‐X tube on a benchtop microcentrifuge to 14,000 rpm for 
20 minutes. 
 
12. Remove and discard the supernatant, leaving the pellet intact. 
 
13. Wash the pellet with 500 μl of room temperature 70% ethanol.  
 
14. Remove and discard the supernatant, leaving the pellet intact. 
 
15. Dry the pellet using heating block. 
 
16. Resuspend the pellet in 6-7 μl 1X DNA Dilution Buffer supplied with Rapid ligation kit.  
 
 
Ligation of 3´-Double-strand DNA Adapter 
 
Adapter sequence is given in the Table 4.1 (Chapter 4) 
 
1. Add the following to the gel-purified digested product from last step dissolved in 6 µl of 
dilution buffer 1X  : 4 µl of 3´-double-stranded DNA adapter (1.5 µM), 1 µl of DNA 
dilution buffer 2 (5X), 12.5 µl of rapid-ligation-buffer 1 (2X), and 2 µl of rapid-ligation 
kit ligase. 
 
2. Incubate at room temperature for 2 h. 
 
 
Polyacrylamide Gel Electrophoresis 2 (PAGE-2) and Purification of Desired Fragments 
 
2. Add 6X DNA loading buffer to the ligation product from last step, and load three lanes of 
the polyacrylamide gel with 16 µl each, and one lane with 10-bp DNA ladder. 
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3. Run gel at 166 V until good separation of bromophenol blue and xylene cyanol (run for 
about 40 min), and stain in ethidium bromide (200 µl of 10mg/ml) in gel tray for 10 min 
and destain with water for another 3-4 min. 
 
4. Slice corresponding gel bands (63 nt). 
 
5. Purification of desired DNA from the gel according to the PAGE-1 gel purification 
described earlier in this protocol. 
 
6. Resuspend the pellet in 37 μl of nuclease free water. 
 
 
Final PCR Amplification 
 
Primer sequences are given in the Table 4.1 (Chapter 4) 
 
1. Transfer 37 ul of clean ligation product to a PCR tube. 
 
2. Add the following components: 10 µl of 5X cloned HF buffer (High Fidelity buffer, 
supplied with Phusion enzyme), 1 µl of 25 µM P5 primer, 1 µl of 25 µM P7 primer, 0.5 
µl of 25 mM dNTP mix, and 0.5 µl of Phusion polymerase.  
 
3. Run the following PCR program :(i) 98 °C for 30 s; (ii) 98 °C for 20 s, 60 °C for 30 s and 
72 °C for 15 s for 20 cycles; (iii) 72 °C for 3 min.  
 
 
Polyacrylamide Gel Electrophoresis 3 (PAGE-3) and Purification of Desired Fragments 
 
1. Add 6X DNA loading buffer to the PCR products from last step, and load three lanes of 
the polyacrylamide gel with 20µl each, and one lane with 10-bp DNA ladder. 
 
7. Run gel at 166 V until good separation of bromophenol blue and xylene cyanol (run for 
about 40 min), and stain in ethidium bromide (200 µl of 10mg/ml) in gel tray for 10 min 
and destain with water for another 3-4 min. 
 
2. Slice corresponding gel bands (134 nt). 
 
3. Purification of desired DNA from the gel according to the PAGE-1 gel purification 
described earlier in this protocol. 
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4. Resuspend the pellet in 10 μl of nuclease free water.  
 
5.  Measure the concentration with Qubit fluorometer (Invitrogen) 
 
6. We can also check the size of the construct by Azilent Bioanalyzer. 
 
7. For sequencing it is recommended to make the final concentration 10 nM. 
 
 
Degradome sequencing was carried out by the Illumina HiSeq2000 at the Keck Center, 
University of Illinois at Urbana-Champaign.   
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APPENDIX D 
 
PROTOCOL FOR RIBOSOME PROFILING 
 
 
 
Ribosome profiling experiment was performed following the combination of multiple published 
articles (Ingolia et al., 2009; Mustroph et al., 2009; Zanetti et al., 2005).  
 
Preparation of Plant Cell Extracts 
 
Prepare both ribosome extraction buffer (REB) and RNA extraction buffer before handling the 
sample. Components of these buffers are given below in the table. 
 
1.  Pre-chill mortar and pestle with dry ice at least for 30 minutes.  
 
2. Take 1 g of frozen cotyledon/seed coat tissue and dip in liquid nitrogen.  
 
3. Transfer the powder to the microfuge tube and 50 ml orange cap tube and homogenized 
in 10 mL of ribosome extraction buffer (REB). 
 
4. An aliquot of 100 mg of powdered sample in microfuge tube was kept frozen for total 
RNA isolation. 
 
Components of Ribosome Extraction Buffer 
 
Component Amount per 10 ml Amount per 20 ml Final 
Sucrose 0.69 g 1.37 g 0.2 M 
KCl 0.15 g 0.3 g 0.2 M 
Tris-acetate, pH 8.0 1 ml 2ml 40 mM 
MgCl2 0.02 g 0.04 g 10 mM 
2-Mercaptoethanol 7 ul 14 ul 10 mM 
Polyoxyethylene 10 
tridecyl ether 
200 ul 400 ul 2%  
Triton-X-100 100 ul 200 ul 1% 
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Components of RNA Extraction Buffer  
                        
  Ingredients  Amount Per 10 ml  Amount Per 20 ml   Final Conc. 
 RNA Salts Buffer, pH 9       10 ml      20 ml  
   Dithiothreitol (DTT)        0.0154 g      0.0308 g   10 mM final 
   Mercaptobenzothiazol       0.0268 g      0.0536 g   16 mM final 
   Sarkosyl         0.2 g       0.4 g    2% (w/v) final 
 
5. Filter the suspension through 60 um nylon mesh  
 
6. Centrifuged at 12000 rpm for 15min at 4 ºC in a JA-17 rotor (Beckman) to remove cell 
debris. (15 ml Polypropylene tubes should be used). 
 
7. Transfer 300 ul of supernatant to a new tube.  
 
Nuclease Digestion 
 
1. Add 25 ul of 1M Calcium chloride and 30 ul (equivalent to 750 units) of micrococcal 
nuclease (Roche) solution to 300 ul of sample. 
 
2. Incubate on a shaker/ rotor at room temperature for 1 h to degrade unprotected RNA. 
  
3. Stop the Nuclease digestion by adding 10 μl of SUPERase•In RNase Inhibitor and chill 
the samples on ice.  
 
Ribosome Protected Fragments Purification 
 
1. Purify ribosome protected fragments using Sephacryl S400 spin column (GE Healthcare 
Life Sciences) chromatography according to the ribosome profiling kit (Epicentre) 
manuals. 
 
2. Resuspend the resin within the column by inverting the tube several times. Tap out any 
potential bubbles that may form in the resin as it settles. Open the column and allow the 
buffer to drip out under gravity.  
 
3. Equilibrate the resin by passing through ~250 ul of 1X ribosome extraction buffer under 
gravity flow. Once fully equilibrated and drained the column is ready to use. 
 
4. Attach a collection tube and spin for 1 minute at 3000 rpm in a fixed angle table top 
centrifuge at room temperature. Discard flow-through. Attach a new collection tube.  
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5. Apply 100 μl of nuclease digested sample. Centrifuge for 2 minutes at 3000 rpm and 
collect the flow through.  
 
6. Add 600-700 ul of RNA extraction buffer to the collected sample in previous step.   
 
Note: At this point we can handle both Ribosome protected sample and untreated sample 
as control as we kept 100 mg of powdered sample at the beginning. 
 
7. Add 500ul of phenol-chloroform, cap well and vortex gentle for about a 1 minute. 
 
8. Centrifuge the tubes in the microfuge for 10 minutes at full speed under the hood. 
 
9. Remove the aqueous layer to the fresh tube containing 500 ul of Sevag. Vortex gentle for 
1 minute. 
 
10. Centrifuge the tubes in the microfuge for 10 minutes at full speed under the hood. 
 
11. Take the aqueous layer and measure the volume. Add 1/10 volume of 3M sodium acetate, 
1.5 ul of GlycoBlue, invert to mix and then add 1 ml of ethanol. 
 
12. Store 2 hours (can be overnight) at -20 °C. 
 
13. Centrifuge at 12000 rpm in the microfuge for 10 minutes to pellet the RNAs. 
 
14. Decant the supernatant gently to be sure the pellet adheres to the bottom of the tube. 
 
15. Dry the pellet either in the Savant or by heating block. 
 
16. Resuspend the pellet of ribosome foot printed sample in 15 ul of nuclease free water and 
control sample in 100 ul of nuclease free water. Then take UV absorbance reading using 
Nanodrop instrument. 
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RNA Sequencing Fragment Preparation 
 
1. Total RNA (~8 μg) dissolved in 20 ul of water was fragmented by incubation in 
fragmentation buffer for 35 min at 95 °C.  We added 20 ul of fragmentation buffer. 
 
Components of 2X fragmentation buffer (20 ml buffer preparation) 
 
Ingredients Amount Final Conc 
400mM Tris-OAc (PH 8.1) 4 ml 80 mM 
KOAc 0.3926 gm 200 mM 
Mg(OAc)2 0.256 gm 60 mM 
DI H2O Adjust to 20 ml  
 
2. Mix thoroughly and store at room temperature. 
 
3. Return the reaction solution on ice immediately after 35 minutes of incubation. 
 
4. The reaction was stopped by adding 4 ul EDTA, pH 8.0, to a final concentration of 50 
mM. 
 
Selection of Desired Fragments 
 
1. Pre-run a 15% TBE-Urea gel at 200 V for 15 min in 1X TBE. 
 
2. Sample Preparation: 10 bp ladder: 1 ul of ladder + 5 ul of RNA sample loading buffer, 
Upper and lower Marker:  1 ul upper + 1 ul lower + 8 ul of RNA sample loading buffer, 
Sample: 10 ul of sample + 20 ul of RNA sample loading buffer 
 
3. Denature the samples for 5-6 minutes at 65 °C. 
 
4.  Load the samples on the 15% polyacrylamide gel with control oligo sample (mixed 
upper and lower markers) on either side of the RNA samples. 
 
5. Separate by electrophoresis for 65 min at 190 V. 
 
6. Stain the gel for 10 min with EtBr on a gentle shaker and then destain for another 3 
minutes. 
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7. Visualize the gel and excise the 26-nt to 34-nt region demarcated by the marker oligos 
Upper size marker and Lower size marker from each footprinting sample.  
 
8. Place each excised gel slice in a clean nonstick RNase-free Microfuge tube. Similarly, 
excise the marker oligo bands from the gel and place them all in a Microfuge tube as 
well.  
 
9. Follow RNA extraction protocol from polyacrylamide gel (As described for PAGE gel 
extraction in degradome protocol in Appendix C). 
 
10. Finally resuspend the size selected RNA in 10ul of 10mM Tris (PH 8) buffer or in 
nuclease free water. 
 
 
Ribosome Footprints and RNA Sequencing Library Preparation 
 
Dephosphorylation 
 
1. 10 ul of fragmented sample both from ribosome footprinting sample and control mRNA 
sample.  
 
2. Prepare the dephosphorylation reaction by adding 33 μl of RNase-free water to the 
samples from Step 29 and denaturing for 90 s at 80 °C.  
 
3. Equilibrate to 37 °C, set up the reaction tabulated below and incubate for 1 h at 37 °C. 
Thereafter, heat-inactivate the enzyme for 10 min at 70 °C. 
 
Components  Amount per reaction (ul) Final 
RNA sample 43  
T4 PNK buffer (10X) 5 1X 
SUPERase. In (20 U ul-1) 1 20 U 
T4 PNK (10 U ul-1) 1 10 U 
 
 
4. Precipitate the RNA by adding 39 μl of water, 1.0 μl of GlycoBlue and 10.0 μl of 3 M 
sodium acetate, mixing them together and then adding 200 μl 100% ethanol. 
Precipitations may be left on dry ice or at − 80 °C overnight. 
 
5. Centrifuge at 14000 rpm for 15 min. 
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6. Discard the supernatant and resuspend the dephosphorylated RNA in 8.5 ul of 10 mM 
Tris (pH 8). 
 
 
Linker ligation 
 
Linker sequence is given in the Table 5.1 (Chapter 5) 
 
1. Transfer the dephosphorylated RNA to a clean nonstick RNase-free microfuge tube. 
 
2. Add 1.5 ul of preadenylylated linker (0.5 ugul-1), denature it for 90 s at 80 °C, and then 
cool it to room temperature. 
 
3. Set up the ligation reaction below and incubate for 2.5 h at room temperature: 
 
Component Amount per reaction ( ul) Final 
RNA and Linker 10  
T4 RnL2 buffer ( 10X) 2 1X 
PEG 8000 (50%, wt/vol) 6 15% (wt/vol) 
SUPERase.In (20 Uul-1) 1 20 U 
T4 RnL2 (tr) (200 U ul-1) 1 200 U 
 
4. Add 338 ul of water, 40 ul of 3 M sodium acetate (pH 5.5) and 1.5 ul of GlycoBlue to 
each reaction, followed by 1 ml of 100% ethanol.  
 
5. Incubate it overnight at -80 °C / for 2 hours and then centrifuge at 14000 rpm for 15 min. 
 
6. Separate the ligation reactions by polyacrylamide gel electrophoresis using 15% TBE-
Urea gel. 
 
7. Stain the gel for 10 min with EtBr on a gentle shaker and then destain for another 3 
minutes. 
 
8. Excise the ligation product bands, including the marker oligo ligation, and place each gel 
slice in a clean nonstick RNase-free Microfuge tube.  (The desired band size should be 
close to 50 nt. 10 bp ladder, upper and lower oligo, unligated linker and 
dephosphorylated oligo ladder) 
 
11. Follow RNA extraction protocol from polyacrylamide gel (As described for PAGE gel 
extraction in degradome protocol in Appendix C). 
157 
 
 
12. Resuspend the ligation product in 10.0 ul of 10 mM Tris (pH 8) 
 
 
Reverse Transcription 
 
RT primer sequence is given in the Table 5.1 (Chapter 5) 
 
1. Transfer the 10ul ligation products to a clean PCR tube. 
 
2. Add 2.0 ul of reverse transcription primer at 1.25 uM. Denature for 2 min at 80 °C in a 
thermal cycler and then place on ice. Cool the thermal cycler to 48 °C. 
 
3. Set up the reverse transcription reaction as tabulated below and incubate it for 30 min at 
48 °C in the thermal cycler: 
 
 
 
 
 
 
 
 
4. Hydrolyze the RNA by adding 2.2 ul of 1 N NaOH to each reaction; incubate for 20 min 
at 98 °C. The GlycoBlue dye will turn pink. 
 
5. Add 20 ul of 3 M sodium acetate (pH 5.5), 2.0 ul of GlycoBlue and 156 ul of water to 
each reverse-transcription reaction, followed by 400 ul of 100% ethanol.  
 
6. Incubation for 2 hours at -80 °C and centrifugation. 
 
7. Finally resuspended in 10 ul water. 
 
8. Separate the reverse-transcription products from the unextended primer by 
polyacrylamide gel electrophoresis using 15% TBE-Urea gel. 
 
9.  Omit the preparation of marker oligo samples, and instead prepare one sample with 2.0 
μl of reverse-transcription primer (1.25 uM), 3.0 ul of 10 mM Tris (pH 8) and 5.0 ul of 
2× denaturing sample buffer. 
 
Component  Amount per reaction Final 
Ligation product and primer 12  
First Strand buffer (5X)   4 1X 
dNTPs (10 mM)   1 0.5 mM 
DTT (0.1 M)   1 5 mM 
SUPERase.In (20 U ul-1)   1 20U 
SuperScript III ( 200 U ul-1)   1 200 U 
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10. Excise the reverse-transcription product bands from the gel and place each in a clean 
nonstick RNase-free Microfuge tube. (~125 nt desired size of band) 
 
11. Precipitate DNA by adding 1.5 ul of GlycoBlue, 40 ul of 3 M sodium acetate (pH 5.5), 
mixing it well and then adding 1 ml of 100% ethanol. Precipitations may be left on dry 
ice or at − 80 °C indefinitely. 
 
12. Follow RNA extraction protocol from polyacrylamide gel (As described for PAGE gel 
extraction in degradome protocol in Appendix C). 
 
 
Circularization 
 
1. Resuspend reverse-transcription products in 15.0 ul of 10 mM Tris (pH 8) and transfer to 
a PCR tube. 
 
2. Prepare the circularization reaction tabulated below and incubate for 1 h at 60 °C and 
then heat-inactivate for 10 min at 80 °C in a thermal cycler: 
 
Component Amount per reaction Final 
First Strand cDNA 15  
CircLigase buffer (10X) 2 1X 
ATP (1 mM) 1 50 mM 
MnCl2 (50 mM) 1 2.5 mM 
CircLigase 1 100 U 
 
3.  Add 30 ul of H2O, 2.0 ul of GlycoBlue, 5 ul of 3M NaOAc and 100 ul of 100% ethanol. 
 
4. Keep it in -80 °C for 2 hours and centrifuge at 14000 rpm for 15 min. 
 
5. Finally discard the supernatant and resuspend the pellet in 6ul of nuclease free water 
 
 
Final PCR Amplification 
 
Primer sequences are given in the Table 5.1 (Chapter 5) 
 
1. Prepare a 100-μl PCR mixture for each sample, according to the table below. Use a 
different indexing primer for each sample. 
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Component Amount per 
reaction  
Final 
Phusion HF buffer (5X) 20 1X 
dNTPs (10 mM) 2 0.2 mM 
Forward Library primer (100 uM) 0.5 0.5 uM 
Reverse Library primer (100 uM) 0.5 0.5 uM 
Circularized DNA template 5.0  
Nuclease free water 71.0  
Phusion polymerase ( 2 U ul-1) 1.0 2 U 
 
 
2. Set up five PCR tube strips and transfer a 16.7-μl aliquot of the PCR mixture into one 
tube in each strip. 
 
3. Run the PCR amplification as follows: 30 s at 98 °C; 12 cycles of 10 s at 98 °C, 10 s at 
60 °C, and 5 s at 72 °C.  
 
4. Add 3.3 μl of 6× nondenaturing loading dye to each reaction. Prepare a ladder sample 
with 1.0 μl of 10-bp ladder, 15.7 μl of 10 mM Tris (pH 8) and 3.3 μl of 6× nondenaturing 
loading dye. 
5. Set up one or two 10% polyacrylamide nondenaturing gels. Load amplification reactions 
in different lanes. 
 
6. Separate by electrophoresis for 40 min at 180 V.  
 
7. Stain the gel for 10 min with EtBr on a gentle shaker and then destain for another 3 
minutes. 
 
8. Visualize the gel and excise the amplified PCR product (~175 nt is the desired size). 
 
9. Follow RNA extraction protocol from polyacrylamide gel (As described for PAGE gel 
extraction in degradome protocol in Appendix C). 
 
10. Resuspend the library DNA in 15.0 μl of 10 mM Tris (pH 8). Store at − 20 °C. 
 
11. Quantify and characterize the library by the Qubit fluorometer and Agilent BioAnalyzer 
according to the manufacturer’s protocol. 
 
High-throughput sequencing was carried out by the Illumina HiSeq2000 at the Keck Center, 
University of Illinois at Urbana-Champaign.   
